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Preface 

The coastal processes study at Revere Beach and Point of Pines (POP), 
Massachusetts, reported herein was requested by the U.S. Army Engineer 
Division, New England (CENED), as part of the Saugus River and Tributaries 
Flood Damage Reduction Project. The investigation was conducted in two 
parts by personnel of the U.S. Army Engineer Waterways Experiment Station 
(WES), Coastal Engineering Research Center (CERC) during the period No- 
vember 1990 to December 1991 for Part I and from December 1992 to July 
1993 for Part 11. Part I focused on storm-induced beach profile response at 
Revere Beach and POP to aid in the design of flood mitigation structures at 
the site. Results of Part I and availability of pre- and post-Halloween storm 
(October 1992) profile data prompted Part I1 of the study. Part I1 was de- 
signed to improve upon and augment information generated during Part I of 
the study. 

This report presents work conducted during Part I1 of the study with perti- 
nent information from Part I included as required for explanation of Part I1 
tasks. Part I1 was designed with four components: (a) validate application of 
the Storm-Induced W c h  m a n g e  (SBEACH) numerical model, which is a 
numerical simulation model used to evaluate beach profile change and coastal 
process parameters in response to varying storm conditions; (b) test sensitivity 
of SBEACH to variations in median grain size, wave height, and angle; 
(c) develop a runup and overtopping module (ROTM), which uses SBEACH 
output to predict overtopping volumes; and (d) predict profile response and 
overtopping volumes due to the nearshore wave and water level database 
developed in Part I. Based on interim results of Part 11, a physical model 
study of overtopping was added to provide data'with which to further refine 
the ROTM. 

Part I of the study described was conducted by Messrs. David B. Driver 
and Stephen A. Bratos, Coastal Oceanography Branch (COB), and Ms. Julie 
D. Rosati, Coastal Processes Branch (CPB), Research Division (RD), CERC. 
Part I1 of the study was conducted by Messrs. W. Gray Smith (CPB), 
Stephan A. Bratos (COB) and John McCormick, Engineering Applications 
Unit, Engineering Development Division, and Ms. Julie D. Rosati (CPB). 
Mr. Donald L. Ward, Wave Research Branch, Wave Dynamics Division, 



conducted the physical model testing described in Appendix A, and further 
documentation of this task can be found in Ward (1993). This investigation 
was performed under the general supervision of Dr. James R. Houston, 
Director, CERC; Mr. Charles C. Calhoun, Jr., Assistant Director, CERC; 
Mr. H. Lee Butler, Chief, RD, CERC; and Mr. Bruce A. Ebersole, Chief, 
CPB, CERC. Mr. Albert Lemire was the CENED Technical Monitor for this 
study. 

Technical Monitor for Headquarters, U.S. Army Corps of Engineers was 
Mr. John H. Lockhart. Director of WES during this study was 
Dr. Robert W. Whalin. Commander was COL Bruce K. Howard, EN. 



Conversion Factors, 

Units Of Measurement 

Non-SI units of measurement used in this report can be converted to SI units 
as follows: 
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Summary 

The U.S. Army Engineer Division, New England (CENED) requested 
assistance from the U.S. Army Engineer Waterways Experiment Station, 
Coastal Engineering Research Center in quantifying storm-induced coastal 
processes, including beach erosion and overtopping along the Revere Beach 
and Point of Pines (POP) coastal reach. Specifically, CERC was asked by 
CENED to evaluate the degree of protection provided by a coarse-grained 
beach fill at Revere Beach, as well as to assess the benefits and optimize the 
design of a revetment and/or beach fill and dune system at POP. Wave and 
water level conditions associated with a set of 50 storms were defined using 
measured water level data and hindcast wave data. The cross-shore profile 
response model Storm-Induced W c h  m a n g e  (SBEACH) was applied to 
evaluate beach profile change. A runup and overtopping module was devel- 
oped and revised during the course of the study, and was applied to each 
storm event. This summary gives a brief overview of the project. 

The coastal reach from Revere Beach to POP, Massachusetts, is located 
approximately 6 miles northeast of Boston, and 7 miles north of the main 
entrance channel to Boston Harbor. The 2.8-mile reach forms a littoral cell, 
bounded to the southwest by Roughans Point headland, and by the Saugus 
River estuary to the northeast. Overall, the site behaves as a classic spit, with 
littoral material transported from the southwest to northeast, depositing at 
POP. Storms causing significant beach erosion and upland flooding in the 
New England area are typically "northeasters." The most severe event in 
recent history was the 6 and 7 February 1978 "Great Blizzard," which provid- 
ed impetus for the communities to request the CENED to develop the Saugus 
River and Tributaries Flood Damage Reduction Plan (SRTFDRP). Included 
in this plan are a dike and ponding area at Revere Beach, beachldune system 
and possibly revetment at POP, floodgates at the entrance to the Saugus River, 
and a series of walls, dikes, and revetments along Lynn Harbor. Further- 
more, acquisition and management of the Saugus and Pines River tidal estuary 
for flood water storage was included. Goals of the project were reduction and 
containment of flooding at Revere Beach, reduction of dune overwash and 
back beach inundation of POP, prevention of storm surges and flooding up the 
Saugus and Pines Rivers, and reduction of wave overwash flooding Lynn. 
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In conjunction with the CENED, the Metropolitan District Commission 
(MDC) sponsored placement of approximately 600,000 cu yd of beach fill 
along Revere Beach. The project was intended to provide erosion protection 
for the existing seawalls along Revere Beach for approximately a 2-year return 
storm tide. Relatively coarse beach fill material (median grain size 0.49 mm) 
was used, which mixed with finer native materials (median grain size 
0.21 mm) after placement, resulting in notable longshore sorting of grain 
sizes. 

The CERC study has been conducted in two parts. In Part I, CERC devel- 
oped a nearshore wave and water level database using hindcast wind and wave 
data for 11 historical northeaster storms from which a suite of 50 synthetic 
storms was created. SBEACH was used to assess beach response at 8 profiles 
in the project area as a function of these storms. Results indicated that the 
existing coarse-grained beach fill at Revere Beach might provide unexpected 
flood protection due to its greater erosive resistance relative to the native 
material. This conclusion was substantiated with observations of beach 
response and overtopping rates during the 1991 "Halloween* storm, which 
impacted the area from 27 October - 1 November 1991. Additionally, Part I 
indicated that a sand dune/berm system might provide sufficient flood protec- 
tion at POP. 

Results of Part I and the availability of pre- and post-Halloween storm 
profile data prompted Part I1 of the study. Part I1 was designed with four 
components: (a) validate application of SBEACH to the project site using the 
Halloween storm data, (b) test sensitivity of SBEACH to variations in median 
grain size, and wave height and angle, (c) develop a runup and overtopping 
module (ROTM), which uses SBEACH output to predict overtopping 
volumes, and (d) predict profile response and overtopping volumes due to the 
nearshore wave and water level database developed in Part I. Based on 
interim results of Part 11, a physical model study of overtopping was added to 
provide data with which to further refine the ROTM. 

Investigation of coastal processes at Revere Beach and POP has proven to 
be a challenging endeavor due to varying wave, beach, and structural charac- 
teristics along the project site. Longshore variations present during the 
Halloween storm and presumably other storms limit the applicability of 
SBEACH to this site. Calibration and verification of the ROTM have also 
been limited by available data sets. However, some model results were sub- 
stantiated with field data. 

Despite the complexities of coastal processes at the project site, it is antici- 
pated that design of flood protection structures will be greatly augmented by 
study findings. Results have strongly indicated potential flood protection 
benefits associated with a coarse-grained beach fill at Revere Beach and POP. 
Observations of beach stability and minimal overtopping during the Halloween 
storm substantiate modeling results at Revere Beach. Dune optimization and 
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profile response simulations with the storm database along POP have indicated 
potential benefits of a dune system for flood protection with minor predicted 
erosion and overtopping levels pointing to advantages over the proposed revet- 
ment. Project observations and SBEACH predictions indicate that the existing 
coarse beach fill provides a high level of flood protection at Revere Beach, 
and is possible at POP through implementation of either a coarse-grained 
dunelberm system or through construction of a combination revetment and 
beach fill. 

xix 



1 Introduction 

Study Area 

The coastal reach from Revere Beach to Point of Pines (POP), Massachu- 
setts, is located approximately 6 miles1 northeast of Boston and 7 miles north 
of the main entrance channel to Boston Harbor (Figure 1). The 2.8-mile 
reach forms a littoral cell bordered to the southwest by Roughans Point head- 
land and by the Saugus River estuary to the northeast. Exposure to waves 
from the southeast via Broad Sound and partial sheltering by Nahant Peninsula 
to the east combine to create a general southwest-to-northeast direction of 

.. sediment transport. Wave energy tends to focus at two locations: between 
Revere and Beach Streets, and at Carey Circle (Figure 2). Overall, the reach 
behaves as a classic spit with littoral material at the southwest end of Revere 
Beach moving northeast to deposit at POP. Native sediments are typically a 
light gray fine- to medium-sized sand (median grain size 0.21 mm) with an 
average coarse sand and gravel content of 5 percent. 

Seawalls front the majority of Revere Beach and part of POP, as shown in 
Figure 2. The native beach widens northeast of Carey Circle to the end of the 
POP residential area, which is fronted by a beach and sand dunes. 

Study Area History 

Boundaries for Revere Beach, the oldest public beach in the nation, were 
established in 1895 when the high-water beach was substantially wider than 
the native pre-fill beach. Gradual erosion of the beach subjected beachfront 
establishments to progressively more wave action and flooding; thus, seawalls 
were constructed in the 1920's for protection. The mean high water (mhw) 
line at Revere Beach varied from 0 to 200 ft from the seawall, and normal 
high tides approached or reached the backshore seawalls. This daily wave 
action and frequent overtopping resulted in deterioration of the walls. The 

A table of factors for converting non-S1 units of measurement to SI units is presented on 
page xv. 
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dunes at POP and seawalls along the rest of the reach were not sufficient to 
prevent severe flooding of the homes and businesses during storms. 

Flood Protection Projects 

Storms causing significant beach erosion and upland flooding in the New 
England area are typically "northeasters," occurring during winter months. 
The most severe storm event in recent history was the 6-7 February 1978 
"Great Blizzard," which had a peak surge coinciding with a spring tide to 
create a 100-year water level (14.9 ft mean low water (mlw) at the National 
Ocean Survey (NOS) Boston Harbor gauge (see Figure 1)). This storm 
caused extensive flooding in the project area, damaged 25 percent of the city 
of Revere's homes, left 3,000 people homeless, and flooded over 3,000 build- 
ings in the Revere, Lynn, Malden, and Saugus project area (Camp, Dresser, 
and McKee 1978). The Great Blizzard provided impetus for the communities 
to request the U.S. Army Engineer Division, New England (CENED) to 
develop the Saugus River and Tributaries Flood Damage Reduction Project 
(SRTFDRP). Included in this plan are a dike and ponding area at Revere 
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Figure 2. Location of coastal structures at Revere Beach and POP 

Beach, beachldune system and possible revetment zit POP, floodgates at the 
Saugus River entrance, and a series of walls, dikes, and revetments along 
Lynn Harbor. Furthermore, acquisition and management of the Saugus and 
Pines River tidal estuary for flood water storage is included in the plan. 
Goals of the project are reduction and containment of flooding at Revere 
Beach, reduction of dune overwash and back beach inundation at POP, pre- 
vention of storm surges and flooding up the Saugus and Pines Rivers, and 
reduction of wave overwash flooding Lynn. 

In conjunction with the CENED, the Metropolitan District Commission 
(MDC) sponsored placement of approximately 600,000 cu yd of beach fill 
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along Revere Beach from the fall of 1990 through the summer of 1991. The 
fill was designed for a 50-ft-wide beach berm at 18 ft mlw with a 1:15 sea- 
ward slope to existing grade. The beach fill was part of the Revere Beach 
Erosion Control Project authorized in 1970, and was separate from the pro- 
posed SRTFDRP. The project was intended to provide erosion protection for 
the existing seawalls along Revere Beach for approximately a 2-year return 
storm tide. Incidental flood protection benefits were expected, but not quanti- 
fied. Relatively coarse beach fill material (median grain size 0.49 mm) was 
obtained from an abandoned Interstate 95 embankment. Since placement, the 
coarse fill has mixed with finer native materials, and experienced notable 
longshore sorting of grain sizes. 

CERC Project Overview 

In the fall of 1990, as part of the SRTFDRP, the CENED requested that 
the U.S. Army Engineer Waterways Experiment Station YES) ,  Coastal 
Engineering Research Center (CERC) assist in evaluating the flood protection 
provided to Revere Beach by the newly placed beach fill. This effort was 
conducted to consider the beach fill in the design of the SRTFDRP. In addi- 
tion, CERC was asked to evaluate the potential protection provided to homes 
at POP with and without a beach fill and/or stone revetment. In this part of 
the project (hereafter referred to as Part I), CERC developed a nearshore 
wave and water level database using hindcast wind and wave data for 11 
historical northeaster storms from which a suite of 50 synthetic storms was 
created. The Storm-Induced W c h  m a n g e  (SBEACH) model &arson. and 
Kraus 1989a; Larson, Kraus, and Byrnes 1990) was used to assess beach 
response at eight profiles in the project area as a function of storm intensity. 
SBEACH simulates cross-shore (two-dimensional) beach, berm, and dune 
erosion due to storm waves and water levels. Longshore sediment transport 
along the project reach is assumed to be uniform during the storm event. 
SBEACH was modified for the study to allow refractive and diffractive effects 
of Nahant Peninsula to be included in wave transformation calculations. In 
the absence of calibration and verification data, typical calibration parameters 
were used with SBEACH for Part I. Results indicated that the existing 
coarse-grained Revere Beach fill might provide unexpected flood protection 
due to its greater erosive resistance relative to the native material. This con- 
clusion was substantiated by observations of beach response and overtopping 
rates during the 1991 "Halloween" storm, which impacted the study area from 
27 October - 1 November 1991. Additionally, Part I indicated that a sand 
dunelberm system might provide sufficient flood protection at POP, possibly 
resulting in significant cost savings by eliminating the proposed revetment. 
Part I was completed in the fall of 1991. 

Results of Part I and the availability of pre- and post-Halloween storm 
profile data prompted Part I1 of the study, initiated in the winter of 1992. 
Part 11 was designed with four components: 
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a. Validate application of SBEACH using the Halloween storm data. 

b. Test sensitivity of SBEACH to variations in median grain size, and 
wave height and angle. 

c. Develop a runup and overtopping module (ROTM), which uses 
SBEACH output, to predict overtopping volumes. 

d. Predict profile response and overtopping volumes due to the nearshore 
wave and water level database developed in Part I. 

Based on interim Part I1 results, a fifth component was added. 

e.  Physical model study of overtopping to provide data with which to fur- 
ther refine the ROTM. 

The CENED required overtopping rates as a function of storm intensity to 
design the park dike, ponding area, and storage acquisition limits for the 
Saugus and Pines Rivers Estuary. At POP, information about the stability of 
various improvement designs (dunes, revetment, and dune with underlying 
revetment) as a function of beach grain size and storm intensity was necessary 
for design. Part I1 was completed in the spring of 1993. 

Objectives of Report 

The purpose of this report is to provide a concise document presenting 
methodologies and results of the CERC study. Information and results per- 
taining to Part I will be presented as relevant to final study results (e.g., 
development of the nearshore wave and water level database); however, Part I 
results that have been superseded by Part I1 calculations (e.g., cross-shore 
beach response modeling in the absence of calibration/verification data) will 
not be detailed. 

The report is organized into six main chapters, and six appendices. 
Chapter 2 discusses development of the nearshore wave and water level data- 
base in Part I of the study, and hindcast of the 1991 Halloween storm 
(Part 11). Storm-induced beach erosion modeling is presented in Chapter 3, 
and Chapter 4 discusses development of the ROTM. Chapter 5 assesses 
results of the storm-induced overtopping results, and Chapter 6 summarizes 
the study and presents major findings. Appendix A is included to detail the 
methodology in the physical model tests of overtopping. Appendices B-F 
contain results of overtopping predictions and profile response simulations. 
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2 Nearshore Wave and Water 
Level Database 

Chapter 2 describes the procedures and results of the nearshore wave and 
water level database task of this study. Included is an overview presenting the 
scope of this task, a general description of the Massachusetts Bay and Broad 
Sound wave climate, a review of available information, and a brief description 
of the numerical wave models used in this task. The process used to develop 
the nearshore wave and water level database is followed by a discussion of the 
results of the wave and storm simulations. 

Qverview 

The purpose of this task was to develop nearshore wave and water level 
conditions representing significant storms within the Wave Information Study 
(WIS) 20-year hindcast period as well as two storms of record outside the 
WIS hindcast. Eleven historical storms were selected from a set developed by 
Hardy and Crawford (1986) which includes nine storms within the WIS 
hindcast and two other storms, occurring on 30 November 1945 and 
6-7 February 1978. Table 1 lists the eleven historical storms used in this part 
of the study. The synthetic storms, derived using the historical storms, listed 
in this table are discussed in detail in later sections of this chapter. These 
storm conditions provided input to the beach erosion model SBEACH. 
Another objective of this task was to develop a nearshore wave database 
representing wave conditions in Broad Sound for the entire 20-year WIS 
hindcasting period. A wave hindcast was also performed for the 1991 
Halloween storm and is described in the section "1991 Halloween Storm - 
Part 11." 

The principal cause of waves and storm surge in Broad Sound and at 
Revere Beach is extratropical storms known as "northeasters." These storms 
usually travel northeast along the Atlantic coast and produce highest winds 
from between east and north. As northeasters pass Cape Cod, fetch lengths 
over the Atlantic Ocean and Massachusetts Bay of as much as 200 n.m. may 
exist. This fetch, when combined with a duration of 54 hr and the 50-knot 
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maximum wind speed associated with the 6-7 February 1978 storm (100-year 
event), caused wave heights in excess of 20 ft just outside Broad Sound. 
Waves entering Broad Sound encounter Nahant Peninsula, which shelters the 
northern reach of Revere Beach and POP. Sheltering by Nahant significantly 
reduces wave heights along Revere Beach from southwest to northeast. Wave 
propagation within Broad Sound is characterized by complex refraction and 
diffraction processes due to Nahant, the Winthrop Heights headland, and 
irregular bathymetry. 

Table 1 
Historic and Synthetic Storms 

A few studies concerning the wave climate in Massachusetts Bay and Broad 
Sound have been published. The Raytheon Company (1974) published a 
report for the Massachusetts Port Authority, which includes wave statistics 
developed from 6 years of shipboard observations and U.S. Air Force (USAF) 
wind data for Massachusetts Bay. Also included in the report are wave 
measurements taken during a 2-week period in March and April 1974 in 
Massachusetts Bay at latitude 42'26' and longitude 70'43'. The maximum 
hourly significant wave height was 8.9 ft. With only 308 measurements, this 
is a limited data set, which also lacks information about wave direction. 

Bohlen (1978) presents a set of refraction diagrams for Massachusetts Bay 
and Broad Sound using characteristic wave periods of 6 and 12 sec, several 
directions from offshore, and various water levels. 

Historical Storm 
Date 

30 November 1945 

16 February 1958 

20 March 1958 

2 January 1961 

12 April 1961 

5 December 1962 

The best available data source for Massachusetts Bay is the deepwater 
buoys operated by the National Oceanic and Atmospheric Administration's 
National Data Buoy Center (NDBC). Climatological information in the 
Massachusetts Bay is available from two buoys, stations 44005 and 44013 
(Gilhousen et al. 1986). Hourly measurements include wind speed and 
direction, and wave height and period from 1978 to 1988 and 1984 to 1988 
for stations 44005 and 44013, respectively. The actual period in which 

Historical Storm 
Date 

19 February 1964 

9 February 1969 

18 February 1972 

8 November 1972 

6 February 1978 

Synthetic Storm 
Return Period (yr) 

SPN,500,100,50, 
20,lO 

50,20,10,5,2 

50,20,10,5,2 

100,50,20,10,5,2 

100,50,20,10 

50,20,10,5,2 
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Synthetic Storm 
Return Period (yr) 

5.2 

20,10,5 

50,20,10 

50,20,10,5,2 

100,50,20,10,5,2 



complete wave data are available for 44013 is less than the reported period. 
These wave measurements also lack wave direction information. 

The WIS hindcast for the Atlantic Coast Phase I1 includes five stations in 
the Massachusetts Bay area (Corson et al. 1982). The 20-year hindcast 
provides wave height, period and direction, and wind speed and direction at 
3-hr intervals. 

The WIS Phase I11 hindcast for the Atlantic Coast includes a station near 
Nahant Peninsula (Jensen 1983). Phase I11 wave data were generated by 
transforming Phase I1 wave data into shallow water. In generating Phase 111 
data, straight and parallel contours were assumed and no additional energy 
sources, such as winds, were added to the existing Phase I1 wave conditions. 

Because the 1945 and 1978 storm events are outside the WIS 20-year 
hindcast, data for these storms were taken from another source. The 1945 
storm was part of a 1981 analysis of six extratropical storms,.along the 
eastern U.S. coast, performed by Oceanweather Inc. for WIS. The analysis 
involved construction of pressure fields from ship observations, buoy data, 
and historical weather maps. The wind fields were produced from the 
pressure fields using a boundary layer model and were corrected based on 
manual kinematic analysis of the critical area of the storm wind field. The 
wind fields were produced for a domain ranging from approximately latitude 
25-50' N and longitude 50-80" W and lasted the duration of the storm with 
data at 6-hr intervals. A similar wind field analysis was performed as part of 
this study for the 1978 storm because of its significance (100-year return 
period) and the lack of adequate data. The standard deepwater wave hindcast- 
ing model WISWAVE was used with these wind fields to generate wind and 
wave data at the Phase I1 stations used in this study. 

The wind and wave information at the Phase I1 stations was used to drive 
the SHALlow Water Waye Model (SHALWV) in the Massachusetts Bay area. 
SHALWV output wave information near the tip of Nahant Peninsula was then 
used as input to the nearshore RefractionIDiffraction model REFIDIF. No 
measured wave data from Broad Sound are available. Therefore, the 
nearshore wave propagation and transformation model, REFIDIF, could not 
be calibrated or verified. 

Description of M ~ d e l s  

SHALWV 

The numerical wave hindcasting model SHALWV was used to produce 
wave data in Massachusetts Bay and the surrounding area. SMALWV 
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numerically simulates growth, decay, propagation, shoaling, refraction, and 
sheltering of a directional wave spectrum over arbitrary bathymetry. The 
spectrum is represented two-dimensionally in discrete frequency and direction 
bands. The model is time dependent and simulates time-varying wave and 
wind conditions during storms such as northeasters. 

The model is based on the solution of the inhomogeneous energy balance 
equation solved with finite difference methods using square grid cells. The 
field equation represents wind wave growth, refraction, shoaling, nonlinear 
wave-wave interactions, high frequency energy dissipation, wave bottom 
interactions and decomposition of the energy into wind-sea and swell wave 
components. The model bases time-steps on the Courant number stability 
criterion 

where 

AL = length of grid cell 

at = computational time-step 

C, = group velocity associated with lowest frequency 
at the deepest grid point 

f = lowest spectral frequency 

The Courant number criterion ensures that wave energy does not propagate 
more than one grid cell during a time-step. 

Originally the time-independent spectral model STWAVE m e a d y  State 
WAVE Model) was proposed to simulate nearshore wave transformation in 
Broad Sound. Since STWAVE does not have the capability to diffract waves 
around features such as Nahant Peninsula, and given that this feature 
significantly influences the wave energy along Revere Beach and Point of 
Pines, it was necessary to select a different model. The numerical model 
REFIDIF was selected to transform waves within the Broad Sound area. 
REFIDIF is a combined refractionldiffraction model based on Kirby and 
Dalrymple's (1983) parabolic approximation for Berkhoff s (1972) mild slope 
equation, where reflected waves are neglected. The model is valid for waves 
propagating within 60 deg of the input direction. The mild slope equation, in 
terms of the horizontal gradient operator, is given by 
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where 

C = wave celerity 

C, = group velocity 

a = angular frequency (2aIT where T = period) 

A = wave amplitude ' 

and the linear dispersion relationship is c? = gk tanh(kh) where g i6 the 
gravitational constant, k is the wave number (2alL where L = wave length), 
and h is the water depth. 

The model is based on Stokes perturbation expansion. In order to have a 
model that is valid in shallow water outside the Stokes range of validity, a 
dispersion relationship that accounts for the nonlinear effects of amplitude is 
provided. This relationship, developed by Hedges (1976), is 

The Hedges form is fit with the Stokes relationship to form a model valid in 
shallow and deep water. The model can be operated in three different modes: 
(a) linear, (b) Stokes-to-Hedges nonlinear model, and (6) Stokes weakly 
nonlinear. 

Broken wave propagation is based on Kirby and Dalrymple's (1986) 
implementation of the dissipation scheme proposed by Dally, Dean, and 
Dalrymple (1985a,b) given by 

where w is the dissipation factor, K and y are empirical constants, determined 
to be 0.15 and 0.4, respectively, by Dally, Dean, and Dalrymple (1985a,b), 
and H and h are the wave height and water depth, respectively. Wave 
breaking is initiated using the breaking index H > 0.78h. Once the wave 
height exceeds 0.78h, the wave breaking scheme is used. 

Land boundaries such as coastlines and islands are modeled using the thin 
film approximation where surface piercing features are replaced by shoals 
with very shallow depth (less than 0.1 depth units). Kirby and Dalrymple 
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(1986) and Dalrymple, Kirby, and Hwang (1984) describe applications of 
REFIDIF. 

A disadvantage in using REFIDIF over STWAVE is that REFIDIF is a 
monochromatic wave model. It is possible to represent spectral wave 
information by superposition of linear monochromatic waves but this requires 
many model runs to represent the frequency and direction bands and therefore 
is labor intensive. For waves generated by storms which are removed from 
the Massachusetts Bay area, the directional spread becomes more narrow. 
This is generally referred to as swell. When swell exists, the locally 
generated sea can be considered relatively negligible. 

Methodology and Results - Part I 

Offshore hindcast 

As mentioned in the overview, the purpose of this task was to develop 
nearshore wave conditions along Revere Beach and Point of Pines for 
significant storm events as well as for the entire WIS 20-year hindcast period, 
1956 to 1975. Because no long-term wave measurements are available for 
Massachusetts Bay, the WIS Phase I1 wave data and hindcast techniques were 
used to generate wave conditions for input into the nearshore model REFIDIF. 
Two storms selected for this study, which occurred in November 1945 and 
February 1978, were outside the WIS 20-year hindcast period (1956-1975). 
For these two storms, it was necessary to generate Phase I1 wind and wave 
data using WIS Phase I to Phase I1 analysis. 

WIS Phase I1 wind and wave time series data for the time period 1956 to 
1975, and including the two storms in 1945 and 1978, were input into the 
wave hindcasting model SHALWV to produce wave information near the 
existing Phase I11 station. This represents an improvement in modeling 
technique since, in contrast to the existing Phase I11 station data, wind energy 
was input to the model and actual bathymetry was represented. 

Wind-field input was generated from WIS Phase I1 stations 8, 9, 13, 16, 
and 17, shown in Figure 3. Table 2 shows each station's latitude, longitude, 
and depth. Station 16 wave data were used for the model's offshore input 
boundary. 

A 12 x 15 grid with square cells of 10 n.m. on each side was chosen to 
resolve the bathymetry of Massachusetts Bay and the sheltering effects created 
by the irregular coastline. Figure 3 shows the orientation of the grid with the 
study site. For this application the directional wave spectrum was divided into 
20 frequency and 16 direction bands. 
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Figure 3. SHALWV grid with locations of WIS stations and the NDBC buoy 
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ase II Stations 

Figure 4 shows a comparison of wave heights between SHALWV Station 2 
and NDBC 44013, in water depths of 138 and 100 ft, respectively. The buoy 
and station are separated by approximately 3 n.m. The station observations 
(58435) are at 3-hr intervals while the buoy has hourly observations (26106). 
The buoy represents less than 3 years of measured data and the station 
represents 20 years of hindcast data. In order to compare the model results to 
the buoy measurements, a wave height distribution plot is presented in 
Figure 4. The horizontal axis represents the percent occurrence of each wave 
height interval, defined on the vertical axis, based on the total number of 
observations for each data set. For example, approximately 46 percent of the 
26106 wave heights measured by the buoy were less than 1.5 ft. The buoy 
measured a higher percentage of waves between 1.5 and 2.9 ft and less than 
1.5-ft height intervals than the numerical model generated. For height 
intervals 3 ft and above, the buoy measured a lower percentage of waves than 
the model generated. This indicates that the wave conditions during the 
measurement period may have been somewhat milder than during the 20-year 
hindcast period. 

Nearshore wave analysis 

The wave model REFIDIF was used to generate wave information in Broad 
Sound for both the significant storm events as well as the 20-year hindcast. A 
165 X 176 grid with square cells of 200 ft on each side was chosen in order 
to resolve bathymetric features in Broad Sound. Figure 5 shows the REFIDIF 
grid and the bathymetry of Broad Sound. The input boundary for this grid is 
along the y-axis. The x-axis is directed due west and the y-axis points due 
south. North is toward the bottom of the page in the negative y-direction. 

The grid covers an area much larger than the study area in order to ensure 
that diffractive and sheltering effects due to Nahant Peninsula are adequately 
modeled, as well as to move any side boundary effects out of the study area. 
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Figure 4. Wave height comparison of SHALWV Station 2 and NDBC 4401 3 
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Figure 5. REFIDIF grid with Broad Sound bathymetry (depth in ft, mlw) 
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For some wave conditions the southern side boundary of the model caused an 
increase in wave heights due to inaccuracies in the lateral boundary 
conditions. In order to remove this boundary effect from the area of interest, 
the last 17 columns (161 to 176) along the y-axis were added. The depths for 
column 160 are repeated in columns 161 to 176 and do not represent the 
actual bathymetry. 

Storm events were simulated using actual wave conditions (height, period, 
and direction) and water levels. The spectral significant wave height H,, was 
used as the monochromatic wave height and the peak spectral wave period TP 
was the representative wave period for REFIDIF simulations. REFIDIF was 
used in the Stokes to Hedges nonlinear mode in order to better represent the 
nonlinearities present in long'period storm waves in Broad Sound. In order to 
represent a range of return periods (2, 5, 10, 20, 50, 100, and 500 years), 
synthetic storms were produced from each historic storm by adjusting the 
phasing of the tidal time series and storm surge records to obtain various 
maximum water levels for each historical storm. A Standard Project 
Northeaster (SPN) was created with the November 1945 storm by adding an 
extra 1 ft of surge throughout the storm. Table 3 shows the maximum water 
level for each event modeled. The relationship between the water level and 
return period was taken from the stage-frequency curves for Point of Pines 
and Revere Beach presented by Hardy and Crawford (1986). The return 
periods associated with these storms are based on total water level only. 
Table 1 shows each historical storm date and the return periods of each 
synthetic storm. One exception to the synthetic events is the 100-year storm 
for the February 1978 historical storm. This storm was modeled with actual 
tide conditions and represents the actual storm. Water level time series for 
each storm event are presented in Figures 6-17. 

Storm parameters for each of these synthetic storms were saved near the 
beginning of each SBEACH profile shown in Figure 5 as PI-P8. The number 
for each output point corresponds to a profile number. Figures 18-20 show 
plots of wave height versus time at each output point for select storms. 
Different return periods corresponding to a given historical storm did not 
produce significantly different values at the output points (PI-P8), because the 
variation between each synthetic storm is the water level only. The depths of 
the output PI-P8 range from approximately 25 to 30 ft, and this change in 
water level between synthetic storms is not enough to cause significant change 
in wave height. Since results for different return periods generated from each 
historical storm event are similar, only one synthetic event is plotted for each 
historical event. These plots show that the most severe event in terms of 
wave height is the November 1945 storm. The maximum wave height during 
this storm reached 28 ft at point P2. Also evident from these plots is the 
variation in maximum wave height and storm duration for different storms 
with the same return period. Note that the return period was defined only in 
terms of maximum water level. 
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Figure 6. Water level time series - November 1945 storm 

Figure 7. Water level time series - November 1945 storm 
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Figure 8 .  Water level time series - February 1 9 5 8  storm 
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Figure 9. Water level time series - March 1958  storm 
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Figure 10.  Water level time series - January 196'1 storm 
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Figure 1 1 .  Water level time series - April 1961 storm 
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Figure 12. Water level time series - December 1962 storm 

Figure 13. Water level time series - February 1964 storm 
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Figure 14. Water level time series - February 1 969 storm 

Figure 15. Water level time series - February 1972 storm 
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Figure 16. Water level time series - November 1972 storm 

Figure 17. Water level time series - February 1978 storm 
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Contour plots of normalized wave heights are shown in Figures 21-30. 
The plots in Figures 21-26 are representative of storm conditions. The 
characteristic wave period is 8 sec and the water level is approximately 10 f t  
(mlw). All tides or water levels are referenced from mean low water. The 
incident wave height for these plots is 10 ft. The incident direction ranges 
from +20 to -20 deg in 10deg increments. Incident direction is measured 
positive counterclockwise from the x-axis. The plots show the general 
decrease in wave height from southwest to northeast along Revere Beach and 
a dramatic decrease in the lee of Nahant Peninsula. 

The plots in Figures 27-30 represent conditions during extreme storm 
events. The predominant wave direction during storms is due east (positive 
xdirection) or 0 deg. The wave period ranges from 12 to 15 sec and the 
water level ranges from below the mean tide level (which is approximately 
4.5 ft) to about 15 or 16 ft mlw during extreme storms such as the 100-year 
event. Low water levels, coupled with storm waves of 20 and 30 ft, limit the 
amount of wave energy that reaches Revere Beach. This can be seen by 
comparing Figures 27 and 28 with Figures 29 and 30. 

The 20-year hindcast for Broad Sound was performed in Part I of the 
study. Refer to the Part I draft report, "Storm-Induced Beach Erosion and 
Flooding at Revere Beach and Point of Pines, Massachusetts" (Driver, Bratos, 
and Rosati; in preparation) for a detailed discussion and summary tables of the 
hindcast. 

1991 Halloween Storm - Part II 

Part I1 presents the numerical wave hindcast for the 1991 Halloween 
storm. The purpose of this task was to develop nearshore wave and water 
level conditions simulating the 1991 Halloween storm. An overview of the 
Halloween storm, and the modeling procedure and the wave models used, are 
given. This is followed by a discussion of the input data set and a comparison 
to measured wind and wave data. Offshore and nearshore wave simulations 
are then discussed as well as sensitivity testing. Finally, the results of the 
simulation are presented. 

The 1991 Halloween storm is particularly noteworthy because of its long 
duration, long peak wave periods, and high energy levels. The large North 
Atlantic extratropical storm developed when a low pressure system formed on 
the eastern seaboard. The storm gained energy when it absorbed Hurricane 
Grace around 27 October. The storm significantly impacted the east coast 
from about 27 October to 3 November 1991. During the storm, peak periods 
were recorded as high as 20 sec and 12-m maximum significant wave heights 
were measured at the NDBC Georges Bank buoy. The maximum water level 
measured at the NOS Boston gauge was approximately 14.0 ft mlw with an 
estimated surge of 4 ft. 
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Figure 21. Contour plot of normalized wave height, T = 8 sec, H = 1 Q ft,Dir = 20 deg, 
Tide = 1 0  ft 
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Figure 22. Contour plot of normalized wave height, T = 8 sec, H = 1 0  ft, Dir = 1 0  deg, 
Tide = 1 0  ft 
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Figure 23. Contour plot of normalized wave height, T = 8 sac, H = 10 ft, Dir = 0 deg, 
Tide = 10 ft 
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Figure 24. Contour plot of normalized wave height, T = 8 sec, H = 10  ft, Dir = -1 0 deg, 
Tide = 1 0  ft 
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Figure 25.  Contour plot of normalized wave height, T = 8 sec, H = 1 0  ft, Dir = -20 deg, 
Tide = 1 0  ft 
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Figure 26.  Contour plot of normalized wave height, T = 13 sec, H = 10  ft, Dir = 2 0  deg, 
Tide = 1 0  ft 
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Figure 27. Contour plot of normalized wave height, T = 9 5 sec, H = 20 ft, Dir = 0 deg, 
Tide = 5 f t  
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Figure 28. Contour plot of normalized wave height, T = 15 sec, H = 30 ft, Dir = 0 deg, 
Tide = 5 ft 
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Figure 29. Contour plot of normalized wave height, T = 15 sec, H = 20 ft, Dir = 0 deg, 
Tide = 15 ft 
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Figure 30. Contour plot of normalized wave height, T = 15 sec, H = 30 ft, Dir = 0 deg, 
Tide = 15 ft 
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The modeling procedure for this task includes the use of wind and wave 
output from the Third Generation wind Wave Model (3GWAM) and wave 
simulations using the second generation wind wave model SHALWV and the 
refractionldiffraction model REFIDIF. The best data set available for the 
Halloween storm was a by-product of the Surface Wave Dynamics Experiment 
(SWADE). For this comprehensive experiment, the model 3GWAM was used 
to simulate wind wave growth and dissipation. 3GWAM is a third-generation 
model that integrates the basic transport equation describing the evolution of a 
two-dimensional wave spectrum without any ad hoc assumptions about the 
spectral shape. The source functions describing the wind input, nonlinear 
transfer, and white-capping dissipation are explicit. Refraction terms and an 
additional bottom dissipation source function are included. The model runs on 
a spherical latitude-longitude grid for an arbitrary region of the ocean. Ihe 
WAM Model - A Third Generation Ocean Wave Prediction Model (WAMDI 
1988), gives more detail about the 3GWAM model. Grids for this model 
covered the entire Atlantic Ocean Basin and included a regional grid which 
covered the east coast from the southern tip of Florida to Novia Scotia. The 
resolution of the regional grid was 0.25 deg or about 15 n.m. Hourly wind 
and wave output from '3GWAM was used as input to SHALWV. Wind input 
for SHALWV coincided with the locations of the WIS stations used in Part I 
of the Revere Beach study. 

SHALWV is a wave hindcasting model which simulates time-varying wind 
and wave conditions during storms. The model is based on the inhomoge- 
neous energy balance equation solved with finite difference methods using 
square grid cells. The SHALWV grid used for the Halloween storm is the 
same as that used in Part I of the study. Figure 3 in Chapter 2 section shows 
the SHALWV grid. The grid is 12 by 15 with 10-n.m. cells, and the direc- 
tional wave spectrum is divided into 20 frequency and 16 direction bands. 
Refer to the "Description of Models" and "Methodology and Results - Part I" 
sections of Chapter 2 for detailed descriptions of SHALWV and its 
application. 

The wave model REFIDIF used SHALWV output of significant wave 
height and peak period and direction to generate wave conditions in Broad 
Sound for the Halloween storm. The wave model REFIDIF is a combined 
refractionldiffraction model based on Kirby and Dalrymple's (1983) parabolic 
approximation for Berkhoff s (1972) mild slope equation, where reflected 
waves are neglected. For the Broad Sound application, the nonlinear mode of 
the model was used. The same grid as that used in Part I of the study was 
used for the Halloween storm simulation. It is a 165 by 176 grid with square 
cells of 200 ft on each side. Figure 5 in Chapter 2 shows the REFIDIF grid 
and the bathymetry of Broad Sound. The input boundary for this grid is along 
the y-axis. The x-axis is directed due west and the y-axis points due south. 
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Halloween Storm Input Data Set 

Input to the 3GWAM model was wind stresses produced by the Fleet 
Numerical Oceanography Center (FNOC) global model. In order to compare 
the FNOC winds to NDBC buoy 44013, the FNOC wind stresses were 
converted to wind speed using Wu's (1980) drag law. The first two plots in 
Figure 31 show a comparison between the FNOC wind speed and direction to 
the wind speed and direction of buoy 44013. The wind speed plot shows 
good comparison between model-derived and measured winds, although the 
FNOC winds overpredict the buoy winds by as much as 3 mlsec during the 
peak of the storm. It should be noted that no single widely accepted method 
to convert the FNOC wind stresses to wind speeds exists and the choice of the 
method used could have a significant impact on the comparison. This 
uncertainty exists only in the comparison of the data to the buoy. The 
3GWAM model operates with wind stresses. The next two plots in Figure 31 
show the 3GWAM model results of significant wave height and peak period 
compared to buoy 44013 data. 

The comparison between model and buoy wave heights is particularly good, 
even though the model underpredicts the measured wave height by less than 
0.5 m at the peak of the storm and overpredicts the wave height by about 
1.5 m at the beginning of the storm. The comparison between wave periods 
is also good where the maximum measured peak period of 20 sec is 
represented in the model results as well. The plots in Figure 31 also show 
that the peak of the storm occurred at about the beginning of the 304th Julian 
day or October 3 1 .  

Even though wave data were available from 3GWAM simulations, 
SHALWV was run for simulations in the Massachusetts Bay area for consis- 
tency with Part I of the study. Because input data from 3GWAM were 
available on an hourly basis, SHALWV simulations were run with input and 
output every hour. In order to include all the significant wave action 
occurring during the storm, the SHALWV simulation began on 27 October at 
0100 hr and ended on 3 November at 2200 hr. The plot in Figure 32 shows 
wave height, period, and direction output from SHALWV Station 2. 
SHALWV stations are shown in Figure 3 of the Part I section. Similarities 
between the SHALWV simulation and the 3GWAM simulation can be seen in 
the 9.5-m maximum wave height, the 20-sec peak period, and wave direction 
ranging from 225 deg at the beginning of the storm to 175 deg at the end of 
the storm. Figure 33 shows a wave height plot comparing the SHALWV 
height of 9.5 m about 6 hr before the buoy's maximum wave height of 9.0 m. 
These differences in magnitude and timing of the storm are considered to be 
inaccuracies in the FNOC wind field. Note that the unusually low buoy wave 
height at about 120 hr into the simulation is probably due to measurement 
error. 
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Figure 31.  FNQC and 3GWAM comparisons to NDBC buoy 4401 3 
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For the REFIDIF simulation of Broad Sound, SHALWV wave conditions 
at 3-hr intervals were input to the REFIDIF model. For accuracy in the 
nearshore areas and consistency with the rest of the study, water level 
information from the NOS Boston gauge was obtained. Figure 34 shows the 
water level time series with a maximum water level of 14.0 ft mlw occurring 
around 30 October at 2000. The time period chosen for REFIDIF simulations 
starts on 28 October at 0600 and ends on 2 November at 2200. For each 
wave condition simulated by REFIDIF, wave height, period, and direction 
were saved at the offshore terminus of each SBEACH profile. Refer to 
Figure 5 in the Part I section for the location of these points. Figure 35 
shows wave height time series during the storm at the offshore terminus of 
each profile. A maximum wave height of 22 ft occurs at the beginning of 
Profile 2. Comparing this plot to the plots in Figures 18-20 of Chapter 2, it 
is seen that the Halloween storm has the longest duration of the storms 
simulated. The 2 2 4  maximum wave height for the Halloween storm is 
exceeded only by a 28-ft occurrence during the November 1945 storm. 
Sensitivity tests were run for the REFIDIF simulation by adjusting each of the 
incident wave directions from the actual storm time series by + 15 deg. From 
Figures 36 and 37, it can be seen that, in t:eneral, as the incident wave 
direction moves from east to southeast, the resulting wave height increases by 
approximately 2 to 4 ft for all but Profile 8. As the incident wave direction 
moves from east to northeast, the resulting wave height decreases 4 to 6 ft for 
all but Profile 8. 
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Figure 35. 1991 Halloween storm wave height versus time 
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Figure 36. 1991 Halloween storm wave height versus time with -1 5-deg adjustment to 
incident wave angle 
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Figure 37. 4 991 Halloween storm wave height versus time with + 1 5-deg adjustment to 
incident wave direction 
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3 Calibration and Verification 
of SBEACH with Halloween 
Storm Data 

Overview 

The cross-shore profile response model SBEACH was applied to evaluate 
beach profile change at Revere Beach and POP. Beach profile data acquired 
from the 1991 Halloween storm were used along with the transformed hind- 
cast wave data and measured water level data to calibrate and verify 
SBEACH. The model was calibrated using profile data measured at three 
locations along the study reach and applicability to the project site was 
investigated using various calibration parameters. Model calibration focused 
on optimizing foreshore erosion and dune response, while limiting overall 
differences between measured and predicted profiles, because overtopping 
predictions were of primary interest. Verification of the model for the Revere 
Beach and POP site was attempted using measured data, and an investigation 
of longshore and cross-shore processes was completed to analyze model 
results. A calibrated model was used to generate storm-induced profile 
response information, as well as profile and wave information to drive the 
ROTM. Sensitivity testing was conducted to evaluate the effects of varying 
wave direction and height, and beach grain size on relative profile response. 
Chapter 3 presents the results of this work and discusses effects of the results 
on work to follow. 

Halloween Storm Data Set 

Three profiles (Profiles 2, 5, and 7) shown in Figure 2 (Chapter 1) were 
available for evaluation of site response to the Halloween storm. Immediate 
pre- and post-Halloween storm profile response data were available, as was a 
later post-storm survey for Profiles 1-8. Surveys conducted on 30 October 
1991 were taken during the initial stages of the storm and were used as pre- 
storm profiles for SBEACH calibration procedures. Post-storm profiles were 
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surveyed on 1 November 1991 and were used as final profiles for SBEACH 
calibration. The surveys described consisted only of the land-based portion of 
the profile and were augmented with hydrographic surveys taken during July 
199 1 @re-storm) and December 199 1' (post-storm). 

Special attention was paid to Profile 7 data, since the pre-storm profile was 
reestablished due to the storm conditions present at the time of the survey. 
The reestablished Profile 7 was located approximately 150 ft  northeast of 
Profile 7A, which refers to Profile 7 from previous work, renamed herein for 
convenience. Pre-storm survey data extended only 50 ft seaward of the dune; 
thus, the remainder of the profile was completed using December 1990 Broad 
Sound hydrographic survey data, photogrammetric maps from July 1991, and 
data from a Part I draft report @river, Bratos, and Rosati; in preparation). 

Detailed information on the location of the profiles is shown in Figure 2 
and Table 4. It is noted that all references made to the Revere Beach reach 
refer to Profiles 1-5 and all references to the Point of Pines reach refer to 
Profiles 6-8. 

Station with respect to Elliot Circle (ft) 

An assessment of beach response to the Halloween storm was conducted 
using Profiles 2, 5, and 7, and additional profile data taken on 1 July 1991 
and 27 November 1991 at Profiles 1 and 3. All profiles taken at the time of 
the Halloween storm (Profiles 2, 5, and 7) exhibit a loss of material during 
the storm (Figure 38). Profiles 1 and 3 (Figures 39 and 40) exhibit a gain 
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Figure 38. Measured pre- and post-Halloween storm profiles 
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Figure 39. Halloween storm Profile 1 

Figure 40. Halloween storm Profile 3 

of beach material. It is noted that Profiles 1 and 3 were surveyed nearly 
4 weeks after the storm, and likely include some post-storm recovery. 

Comparison of pre- (30 October) and post-Halloween storm (1 November) 
profiles indicated a homogeneous stripping of material across each profile 
(Figure 38), with no bar formation as should normally be expected for a storm 
event. (Note that survey error is thought to have resulted in an apparent 
accretion at the end of Profile 5. The uniformity of difference between the 
pre- and post-storm profiles and a discontinuity at the seaward end of the 
land-based survey approximately 280 ft offshore give credibility to this 
conclusion). Volumetric losses decreased from southwest to northeast, with 
volumetric losses at Profiles 5 and 7 approximately 40 and 35 percent of the 
loss measured at Profile 2, respectively. Differences in losses are likely due 
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to increased wave energy at Profile 2 relative to other profiles, as well' as 
changes in the sand supply on updrift beaches at given locations. This trend 
and the absence of any major seaward movement of material beyond approxi- 
mately 500 ft offshore indicated the influence of nonuniform longshore 
sediment transport during the storm. 

Additional post-Halloween storm (27 November) profiles were available for 
Profiles 1-8. Only Profiles 1 and 3 will be discussed due to a lack of any 
reasonable pre-storm data for Profiles 4, 6, and 8. Data from Profiles 1, 2, 
3, 5, and 7 indicate complex sediment transport patterns occurred during the 
Halloween storm. Erosion/accretion characteristics are quantified in Table 5, 
which lists the calculated cumulative volumetric profile change as a function 
of distance offshore. These values indicate the distribution of volumetric 
change across the profile, thus better depicting profile response to the 
Halloween storm. Additionally, the changes 1,000 ft offshore are normalized 
by the volumetric change at Profile 2 at the 1,000-ft distance, thus 
representing the relative magnitude of change between profiles along Revere 
Beach and POP. Note that 1,000 ft offshore was judged as representative, 
because no significant movement of material occurred offshore of this 
distance. 

The sediment transport patterns depicted in Table 5 are due, in part, to 
project sheltering by Nahant Peninsula, shoreline orientation, impoundment 
characteristics of Roughans Point, partial profile recovery, and differences 
between beach fill and native beach grain sizes. Specifically, gains at 
Profiles 1 and 3 are likely a function of a number of the above explanations. 
Profile recovery plays a role in the profile response exhibited at Profiles 1 
and 3, but it is unlikely that the strongly accretional characteristics displayed 
are totally a result of recovery. Additionally, reduced wave energy (Profile 3) 
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and impoundment characteristics (Profile 1) would allow the deposition of 
material introduced from the Profile 2 reach, with a reversal in transport 
direction occurring from Profile 2 to Profile 1 due to shoreline orientation. 
Historically this pattern of erosion (Profiles 2, 5, and 7) and accretion 
(Profiles 1 and 3) is similar to that observed during the Halloween storm, with 
Profiles 1 and 3 proving more stable due to the processes described. 

Profile 7 experienced the least volumetric loss. However, it was 
anticipated due to greatly decreased wave energy that losses at Profile 7 would 
be a lesser percentage of losses measured at Profile 2. Profile 7 losses are 
attributed to the more erosive characteristics of the finer native material at that 
location as compared to the fill material. Additionally, visual observations 
indicated an accretion of material in the vicinity of Profile 6, thus allowing for 
volumetric losses with little compensation of material from updrift beaches. 

Collectively, the data indicate nonuniform sediment transport was influential 
in distributing material along the project site during the Halloween storm. 
The trend of volumetric loss (Profiles 2, 5, and 7), accretion (Profiles 1 
and 3), and the absence of any movement of material beyond approximately 
500 ft offshore all indicate variable longshore transport rates. Based on 
historical observations, these trends are representative of storm response at 
Revere Beach and POP. 

Previous analysis of Revere Beach response to the Halloween storm was 
conducted by U.S. Army' Engineer Division, New England (CENED) 
personnel, excluding POP. Their findings supported the existence of a 
variable response along the project reach. The methodology adapted by 
CENED staff was based upon the determination of relative volumetric changes 
between November 1991 surveys and a design template when compared with 
an assumed 1987 profile. This method is well-founded to the offshore limit of 
the design toe; however, beyond this point it is an absolute comparison 
between the assumed 1987 profile and the measured 1991 profile. 

Two analyses of volumetric change were completed by the CENED, one 
using the design toe as the offshore limit and one using the limit of the 
assumed 1987 profile. Results proved significantly different with the latter 
method resulting in a large volume of material deposited offshore of the 
design toe as a result of the Halloween storm. This deposited material was 
not distributed evenly along the project reach and the profiles tended to be 
either strongly accretive or erosive with a majority of profiles failing to 
conserve material. From this analysis it was concluded that cross-shore and 
longshore mechanisms were prominent during the Halloween storm, with the 
majority of the material remaining within the Revere Beach limits. This result 
is at odds with the large volume of material deposited along reach C 
(Profile 6) which indicates more pronounced longshore movement and a larger 
loss of material from Revere Beach to POP. Additional data indicated that 
some of the large areas of accretion previously found by the CENED had 
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Figure 41. Pre-Halloween storm Profile 4 

2 0  

15 - 
2 
d ..- lo -  - 
8 
0 - 
" 5 
0 
> 
0)  - 
W 

0  

- 5 

experienced a substantial amount of deposition prior to the storm. Figure 41 
depicts Profile 4, which points to a large quantity of material depositing prior 
to the storm. This movement of material is an important fact and leads to the 
conclusion that the method using the design toe as the boundary is potentially 
more accurate. This analysis found a significantly higher volumetric loss for 
Revere Beach and would explain the source of material gained along reach C. 
It is evident, therefore, that losses at POP during the course of the storm were 
reduced through the introduction of material from the Revere Beach fill. 
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Project response to the Great Blizzard and December 1992 storms is quali- 
tatively discussed for comparison with the Halloween storm to indicate 
effectiveness of the coarse fill, and clarify general site processes. The 1978 
Great Blizzard had a peak water level of approximately 14.9 ft mlw measured 
at the Boston gauge, indicating a 100-year return period event. Peak wave 
height during the storm was approximately 20 ft  just outside of Broad Sound, 
with a peak wave period of 12 sec and duration of 54 hr. As discussed, this 
storm caused extensive flooding and damage to Revere Beach and POP. The 
December 1992 storm, with a peak water level of approximately 13.9 ft  mlw 
at the Boston gauge, was approximately a 17-year storm, similar to the 
Halloween storm. These northeasters, Halloween and December 1992, caused 
flooding at Roughans Point, and breaching of a dune at POP. However, at 
Revere Beach, the coarse beach fill provided protection of the seawall with 
little overtopping occurring. Despite water level differences between the 
Halloween and December 1992 storms, and the Great Blizzard, a comparison 
of storm effects on beach response indicates that the beach fill is very 
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effective in dissipating wave energy. Profile data indicate that little coarse 
material is lost offshore during extreme events. 

Water levels and wind data 

Water level data for SBEACH simulation of the Halloween storm were 
obtained from the NOS Boston gauge for the time period from 0600 on 
28 October 1991 to 0600 on 11 November 1991. The peak water level 
observed during the storm was 14.0 ft mlw at 2200 on 30 October 1991, with 
a low-water level of 2.Q-ft rnlw at 0600 on 1 November 1991. 

Wind speed and direction are used within SBEACH to calculate wind set-up 
effects on the water level. Wind input used in the simulations was obtained 
for Boston's Logan International Airport from the National Wind Data Index. 
Wind records showed a variation in wind speed from 13 to 32 knots with the 
origin of wind being consistently from the northeast. SBEACH proved to be 
insensitive to variations in wind speed and direction for this application. A 
constant wind speed and direction were chosen to represent the wind data for 
the duration of the Halloween storm. Winds were held constant as shore 
normal with a wind speed of 30 knots. These values were selected in order to 
account for maximum effects of wind setup on the water elevation. 

Grain size 

Calibration and verification of the SBEACH model were conducted along 
Revere Beach using the median grain size of the coarse-grained beach fill 
(0.49 mm). POP was modeled using the native sediment size of 0.21 mrn. 

It is noted that there is evidence from the 1 July 1991 beach surveys that 
some material redistributed prior to the Halloween storm. For instance, 
Profile 2 contained an accretional area that developed above mlw prior to the 
storm; thus, the composition of fill material had been altered. Other data 
indicate that sand had moved just offshore of the fill design toe before the 
storm, thus affecting the profile grain distribution. In addition, it is noted that 
beyond the toe of the fill, the profile consisted of 0.21-mm material with a 
portion of this possibly part of the active profile. The inclusion of the 
0.21-mm material into the active profile would alter profile response relative 
to SBEACH results using 0.49-mm sand. One final consideration was the 
placement of an approximately 1-fi-thick aesthetic layer of 0.21-mm fill on the 
0.49-mm material, potentially adjusting grain size characteristics and 
introducing an additional volume of material into the system. The data are 
insufficient to develop solid conclusions about the effects of these added 
factors, but it is necessary to consider the resulting effects on SBEACH 
output. 
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Waves 

Wave data used in SBEACH simulations included wave height, period, and 
direction as computed using the REFIDIF nearshore wave refraction and 
diffraction model. Input wave conditions, computed using the procedures 
outlined in Chapter 2, correspond to the offshore boundary of each given 
profile and are input to SBEACH, which transforms the waves onshore. In 
addition, refractionldiffraction coefficients were generated by REFIDIF and 
used as input to an altered version of SBEACH, which implemented these 
coefficients to include the diffractive effects of Nahant Peninsula. These 
coefficients were interpolated over SBEACH profiles and allowed for more 
realistic modeling of wave transformation as affected by both refraction and 
diffraction. A detailed discussion of the methodology follows in a later 
section. 

SBEACH Applications with Halloween Storm Data 

SBEACH overview 

SBEACH simulates cross-shore (twodimensional) beach, berm, and dune 
erosion due to storm waves and water levels and was used to assess beach 
response at Revere Beach and POP as a function of the wave and water level 
database described in Chapter 2. The twodimensionality of the model limits 
applications to locations where alongshore variations in wave, current, and 
transport processes can be neglected due to their uniformity. The model is 
driven by breaking waves and water levels that generate cross-shore sediment 
transport and beach profile change. 

Version 2.0 of SBEACH was implemented in this study and has been 
updated to include variable cross-shore grid spacing, wind setup estimation, 
advanced breaking wave calculation methods, and a routine to simulate dune 
overwash (Rosati et al. 1993). SBEACH predicts the formation and move- 
ment of offshore bars, and is capable to a lesser extent of simulating beach 
recovery. 

The model is founded on the calculation of cross-shore sediment transport, 
which is divided into four separate regions. The four regions across the beach 
profile are the pre-breaking zone extending to the offshore boundary from the 
breakpoint, the breaker transition zone extending from the breakpoint to the 
plunge point, the zone of broken waves, and the swash zone. Input to the 
model includes time-varying quantities such as wave heights, periods and 
angles; water levels; and wind speed and direction. Other input variables 
include water depth of input wave heights, median grain size, and initial beach 
profile characteristics. The empirical foundation and model formulation are 
described by Larson and Kraus (1989a). Sensitivity and verification of the 
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model using field data are discussed by Kraus and Larson (1988),   arson and 
Kraus (1989a), and Larson, Kraus, and Byrnes (1990). SBEACH Version 2.0 
and the associated SBEACH PC interface are detailed by Rosati et al. (1993). 

SBEACH modifications 

Wave transformation within SBEACH is accomplished using linear Airy 
theory wave shoaling and refraction for pre-breaking waves. Shoreward of 
the breakpoint, wave transformation is described by a generalized form of the 
wave decay model of Dally, Dean, and Dalrymple (1985a,b). The standard 
version of the model does not account for diffraction, which is significant for 
the Revere BeachIPOP study due to Nahant Peninsula. To account for these 
diffractive effects, SBEACH was modified and enhanced to make use of the 
refractionldiffraction coefficients computed by the REFIDIF nearshore wave 
model run in a linear mode. These coefficients were saved from each 
REFIDIF run and input to SBEACH, which enabled the model to better 
represent both pre- and post-breaking waves. The energy flux at each grid 
point was modified using the refractionldiffraction coefficients and used to 
compute the wave height at the next landward grid point. Use of this 
methodology allows SBEACH to better simulate wave transformation at the 
project site, thus improving mode1 accuracy. 

Calibration procedure 

SBEACH was calibrated and verification attempted with Halloween storm 
beach profile data along with the transformed hindcast wave data and 
measured water level data. The model was calibrated using profile data 
measured at Profiles 2, 5, and 7, and applicability was investigated using 
various calibration parameters. The calibration parameters contained in 
SBEACH are an empirical transport rate coefficient K and a slope-dependent 
transport coefficient Eps. The transport rate coefficient K governs the time 
response of the profile to a given set of conditions with its effects seen in the 
foreshore erosion characteristics and dune erosion. Eps, the slope-dependent 
transport coefficient, affects the shape and volume of the offshore bar and 
adjusts the foreshore slope and erosive response dependent upon the bar 
shape. 

Due to the necessity to estimate overtopping, model calibration was focused 
primarily on optimizing foreshore erosion (Revere Beach) and to a lesser 
degree dune response (POP), while limiting the differences between measured 
and predicted profiles. Prediction of correct foreshore recessions and dune 
elevations should yield more accurate wave, water level, and profile condi- 
tions at the shoreward boundary, thus resulting in more accurate overtopping 
estimates. Foreshore recessions are described as the recession of the beach 
face centered at approximately 10 ft mlw. The overall profile prediction error 
is defined as the sum of the squares of the difference between the predicted 
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profile elevations and the measured post-storm profile elevations at each grid 
cell. 

Primary emphasis was initially placed on prediction of a correct foreshore 
recession. It was deemed necessary to select a method that would best 
represent the overtopping conditions at all three profiles along Revere Beach 
and POP. It was anticipated that the dune erosion at POP could be better 
predicted considering Profile 7 separately, but to best produce overtopping 
parameters for all three profiles the foreshore erosion was deemed most 
important. A number of calibration runs were completed and a final set of 
calibration parameters was chosen to best represent the foreshore erosion and 
to a lesser degree eliminate overall profile prediction error. 

Calibration results 

Calibration of the SBEACH model was conducted by varying the 
calibration parameters K and Eps. Each parameter has separate effects on the 

\. profile response, where K affects the cross-shore transport rates and Eps 
controls the depth of the trough shoreward of the offshore bar. K was varied 
from 0.5 x l o 6  to 2.5 x lo6 m4/N and Eps ranged from 0.001 to 
0.003 m2/sec. It was anticipated that the higher values of the parameters 
would best represent the profiles, for each measured profile experienced a 
relatively high amount of erosion in the nearshore region. The procedure 
began by selecting values of K = 2.0 x l o6  m4/N and Eps = 0.002 m2/sec, 
with adjustment of the parameters dependent upon model results. 

Figures 42-44 depict some calibration results for Profiles 2, 5, and 7. 
Calibration parameters are indicated adjacent to each figure. It is evident for 
Profiles 2 and 5 with higher amounts of erosion, that more erosive parameter 
sets yield better foreshore recession agreement, but agreement is still poor. 
Profile 7 experienced a lesser degree of erosion; thus, profile predictions 
using less erosive calibration parameters improved agreement. Table 6 lists 
errors associated with each predicted profile. Each error calculation is 
indicative of an individual profile and should not be used to infer accuracy of 
prediction relative to another profile. Figures 42-44, along with the error 
calculations, were used to select sets of calibration parameters. 

Figures 42-44 depict poor agreement between SBEACH results and 
measured post-storm profiles. The lack of a conservation of material at each 
profile is the major problem for the model in this application. SBEACH 
assumes conservation of sand across the profile, but none of the measured 
profiles satisfy this criteria. It is evident that prediction improves for 
Profile 7 with the least measured volumetric loss. Profile 2 has minor profile 
response predicted where the only alteration is a slight foreshore erosion and 
an offshore movement of the fill material below 5 ft mlw. Response at 
Profile 5 is more severe at the seawall due to a steeper initial slope, which 
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Figure 42.  Calibration iterations for Profile 2 (Continued) 
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Figure 42.  (Concluded) 
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Figure 43. Calibration iterations for Profile 5 (Continued) 
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Figure 43.  (Concluded) 
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allows more wave energy to attack the foreshore and swash portions of the 
profile. Profile 7 experiences the greatest predicted alteration of the three 
profiles examined despite decreased wave energy. A smaller grain size results 
in degradation of the dune and greater foreshore recession. 

Calibration of Profiles 2, 5, and 7 as a group was unsuccessful; however, 
the effort illuminated some characteristics of the project site, augmenting 
observed profile response traits. In general, SBEACH predicts the formation 
of a profile approaching equilibrium, with the steeper profiles (Profiles 5 
and 7) becoming more gentle, and the model filling the transition from the flat 
gentle slope to the steep beach slope at approximately 5 ft  mlw. Response at 
Profile 2 shows an increase in beach slope with the offshore movement of 
material due to the large volume of material contained within the pre-storm 
nearshore profile. The absence of a predicted bar form out to the apparent 
point of closure (approximately 350 to 500 ft offshore for the Halloween 
Storm) is consistent with the lack of an observed bar, also confirming that the 
observed stripping of material from the profile was, most likely, due to 
material transport alongshore during the storm. The effort also supported the 
need to consider Profile 7 separately from Profiles 2 and 5, because of 
significantly altered waves and different beach grain size at POP. It was 
concluded that SBEACH could not be used to quantify profile response at 
Revere Beach (represented by Profiles 2 and 5), because of strong gradients in 
longshore sediment transport. However, the wave transformation capabilities 
of SBEACH at Revere Beach were considered to be superior to any other 
predictions planned by CENED, and use of the model for sensitivity testing of 
relative profile response for cross-shore dominated events was considered 
reasonable, given past SBEACH results. Note that the effects of longshore 
variations of longshore sediment transport have an uncertain effect on the 
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validity of sensitivity results at the project site, but past applications have 
indicated SBEACH as valid in determining relative effects of variable input 
parameters. 

Calibration of SBEACH was conducted separately at Profile 7 due to 
promising results during the calibration of all profiles. More dominant cross- 
shore sediment transport mechanisms and greater conservation of material 
were indicative of a profile more suited for calibration of SBEACH. The 
longshore variability of longshore transport at POP is unknown, but it should 
be expected to be less than at Profiles 2 and 5 due to milder gradients in 
incident wave conditions. Figure 45 depicts the finalized Profile 7 calibration 
(calibration parameters of K = 0.5 x 1P and Eps = 0.001). Calibration to a 
single profile, without further validation, suggests that results should be 
viewed cautiously. However, given the agreement shown in Figure 45, 
profile response simulations at POP were conducted to provide an assessment 
of profile response. 
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Figure 45. Predicted SBEACH results for the Halloween storm (Profile 7) 

SBEACH Sensitivity Analyses 

Overview 

Sensitivity testing was conducted to evaluate the effects of varying wave 
direction and height, and beach grain size on relative profile response as 
predicted by SBEACH. Sensitivity testing was conducted with a standard set 
of calibration parameters (K=2.0 x and Eps=0.003). A single calibra- 
tion parameter set was necessary for all profile sensitivity testing to allow 
relative comparison of wave angle and height, and grain size effects for the 
profile set. A relative change in erosion characteristics is presented as the 
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ratio between the recession of the 1 2 4  rnlw elevation contour resulting from a 
base set of test conditions and the comparable recession resulting from the 
varied input (Table 7). The 1 2 4  mlw contour was deemed a representative 
contour given the water levels that characterized the Halloween storm. This 
ratio serves as an indication of sensitivity of the model and aids in determining 
input parameter effects on model results. Profiles are presented showing the 
specific adjustment of the profile resulting from the altered input 
(Figures 46-48) with measured Halloween profiles included for assessment of 
the relative magnitude of predicted profile response. 

Wave height and direction 

Halloween storm wave directions were adjusted by altering wave input by 
+ 15 deg. Using the REFIDIF wave transformation model, these adjusted 
wave directions were brought inshore to the SBEACH offshore boundary, 
resulting in different wave heights in addition to the adjusted angles. 
REFIDIF used altered wave angles to compute new sets of refraction1 
diffraction coefficients augmenting SBEACH wave transformation methods. 
Altering the wave angle alone at the SBEACH boundary would lead to an 
erroneous input data set in that the wave heights and angles, and 
refractionldiffraction coefficients, are interdependent in REFIDIF. For wave 
height sensitivity tests, wave heights were adjusted at the SBEACH offshore 
boundary by +25 percent to describe a range of model results dependent 
solely upon variation in wave height. Collectively, these tests provide for 
variations in wave output generated from offshore wave analysis and indicate 
project site coastal processes. 

Sensitivity to adjustments of input wave angle appears to be profile 
dependent (Table 7 and Figure 46). For the alteration of the wave angle, 
there is no consistent link between the profile responses. Profile 2, because it 
does not experience significant sheltering from Nahant Peninsula for the wave 
directions tested, showed only minor dependence. Profile 7 showed minor 
variations, most likely because it is sheltered by Nahant Peninsula for the 
wave directions tested. Profile 5 was extremely sensitive to wave angle 
adjustments, with the foreshore beach response ranging from accretional to 
strongly erosional. Exposure of Profile 5 to different levels of wave energy, 
caused by variations of the diffractive effects of Nahant Peninsula, strongly 
influenced profile response for the evaluated wave angles. It is noted that 
results for Profile 2  displayed in Table 7 are distorted due to minor predicted 
recession distances; however, conclusions presented are supported by 
graphical interpretation of sensitivity tests. 

Adjustment of the wave height at the SBEACH offshore boundary yielded 
results similar to sensitivity tests of input wave angles (Table 7 and 
Figure 47). Profiles 2  and 7 were insensitive to variations in wave height, 
whereas Profile 5 experienced a wide range of responses. Major differences 
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Relative Profile 

in profile response were realized at Profile 5, with the reduction of wave 
heights resulting in an accretional profile response. Therefore, wave height 
sensitivity tests suggest a strong dependence at Profile 5, with profile 
responses at Profiles 2 and 7 appearing independent of the completed 
adjustments to the input wave data set. 
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Figure 46, Wave angle sensitivity testing (Continued) 
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f. Profile #7 wave angle adjustment ( + 15 deg) 

Figure 46. (Concluded) 

Chapter 3 Calibration and Verification of SBEACH with Halloween Storm Data 



- P r o f I I s  a2(SBEACH I n l t l o l )  
--- P r o f t l e  *2(SBEACH f l I 7 D I )  

. - . . - . . - p r o f 1  I C  C Z ( M . ~ I U ~ . ~ )  

D l s t a n c .  O f f s n o r c  ( f t l  

- P r O f l I c  *2 (58EACH I n l t l a l )  --- P r o f l t e  r Z ( S 8 E A C H  F l n s l l  
. - . . - . . - P r o r l l e  # Z ( M e a r u r a d )  

o l s t a n c e  orfrnors ( f t ]  

b. Profile #2 wave height adjustment (-25 percent) 

- P r O f I I c  85(SBEACH I n l t l s l )  
--- P r o f  8 l c  .5(SBEACH f  3 na I )  

. - . . - . . - P r o f 1  I C  # S ( M e a r u r e d )  

Figure 47. Wave height sensitivity testing (Continued) 
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Figure 47.  (Concluded) 
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Figure 48. Grain size sensitivity testing (Profile 2) (Page 1 of 3 )  
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Figure 48 .  (Profile 5) (Page 2 of 3) 
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Figure 48. (Profile 7) (Page 3 of 3) 
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Wave sensitivity tests indicated that Profile 5 is most sensitive to 
adjustments of wave input with meaningful adjustments in profile response 
occurring during sensitivity tests. Responses at Profiles 2 and 7 showed no 
clear dependence on adjusted input, where differences for the wave angle and 
height tests were minor. The variable response during the wave data tests 
indicates that profiles were subject to different wave transformation processes, 
thus responding to testing in different ways. Finally, it is evident that an 
accurate input wave data set is necessary; however, only at Profile 5 does 
there appear to be substantial sensitivity to wave input. 

Grain size 

Sensitivity of SBEACH output to median grain size was conducted to 
indicate the extent of protection to be expected for a given fill material. 
Relatedly, project observations (visual and profile data) indicated significant 
longshore movement and sorting of the fill material; therefore, assumption of 
a median grain size in SBEACH might be further compromised by longshore 
processes in addition to inherent limitations due to cross-shore sorting. Grain 
size testing provided an error estimate for the median grain size assumption, 
as well as indicating the median grain size required to realize benefits of a 
coarse-grained beach fill. 

Sensitivity testing was conducted using four median grain sizes: 0.21 rnrn 
(native), 0.30 mm, 0.40 mm; and 0.49 mm (beach fill). Results indicated that 
an apparent boundary existed at approximately 0.40 mm, with erosive 
resistance significantly reduced below this level (Table 7 and Figure 48). 
Profile 7 (Figure 48) maintained a dune form for the 0.40- and 0.49-mm 
median grain sizes, but experienced significant dune degradation for smaller 
grain sizes. Similarly, Figure 48 indicates that Profiles 2 and 5 suffer higher 
levels of foreshore recession below the 0.40-mm grain size with less notice- 
able differences between the 0.40- and 0.49-mm results. Table 7 results 
support the inferred grain size dependency evident in simulated profile 
responses. Profiles 2 and 5,  for the pre-fill 0.21-mm grain size, indicate 
recession approximately five times that estimated for the 0.49-mm material. 
At Profile 7, recession of the 1 2 4  elevation contour fails to occur for larger 
grain sizes. Similar results were found by Larson and Kraus (1989b) with 
eroded volumes decreasing significantly through the range of 0.2 to 0.40 mm 
and decreasing less noticeably above 0.40 mm. 

Sensitivity testing indicated that grain size is the major parameter 
consistently affecting SBEACH results, with benefits realized for median 
grain-sized material greater than 0.40 mm. Predicted results also suggest that 
the 0.49-mm material is resistant to erosion. These modeling results are 
consistent with the degree of unexpected protection provided by the coarse- 
grained beach fill at Revere Beach during the Halloween storm. 
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Role of Longshore Processes 

The importance of longshore processes during the Halloween storm was 
discussed in previous sections based upon profile data, visual observations, 
and engineering judgement. The importance of longshore processes led to the 
decision not to use SBEACH to predict quantitative profile response at Revere 
Beach. Longshore variations in longshore transport were then evaluated using 
wave data and empirical sediment transport equations. Wave output from 
SBEACH was used to calculate the potential longshore transport at Profiles 2, 
5, and 7 using the "CERC" formula described by the Shore Protection 
Manual (SPM 1984), and the formula given by Karnphius (1991). SBEACH 
was modified to calculate sediment transport rates using breaking wave data 
obtained from the model. Predicted rates are presented as relative values 
normalized using the transport rate calculated at Profile 2, similar to relative 
volumetric changes presented in Table 5. Results are listed in Table 8. 
Values using the SPM method appear distorted due to the extreme transport 
rate computed at Profile 2 relative toethe rates calculated at Profiles 5 and 7, 
but a trend is apparent. 

Results using the Kamphius formula show that relative change in the 
predicted transport rate parallels the trend of relative volumetric losses. These 
parallel trends indicate that the gradient of longshore transport lessens towards 
POP, with a tendency for movement and deposition of material into the POP 
area due to the decreasing ability of the longshore current to transport 
material. Deposition of material along POP agrees with earlier conclusions 
concerning sediment redistribution, and lends credence to previous analyses. 
Furthermore, these results, as well as dune profile response simulations to be 
discussed in a forthcoming section, indicate that material potentially moved 
into the POP area during storms may help buffer the bermldune system. 
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Profile Response Simulations at POP 

Calibration and verification of SBEACH was shown to be more successful 
at POP (Profile 7) due to a reduction in the longshore transport gradient as 
shown above. Thus, application of the model to simulate profile response at 
POP could be completed with more confidence. Results of profile response 
simulations would be indicative of dune capabilities, further defining flood 
protection provided by the dune system. SBEACH simulations were con- 
ducted using the 2 3 4  mlw dune crest elevation and the set of 50 storms. 
Results for Profiles 6-8 are located in Appendix F. Calibration parameters 
were set based upon the improved results at Profile 7 with K = 0.5 x 106 
and Eps = 0.001. 

Profiles 7 and 8 appear to be highly resistant to erosion for all storms, with 
Profile 6 experiencing slightly more profile degradation for the November 
1945 events. As will be discussed in conjunction with dune optimization, 
Profiles 7 and 8 exhibit a buffering of the dune with the transport of material 
onshore due to the coarse grain size, low wave heights, and long period waves 
associated with the extreme events. Only at Profile 6 does it appear that any 
notable erosion occurs due to the storm set. Overall, minor degradation of the 
dune system is predicted with negligible response predicted for a large number 
of the simulations. Furthermore, the influence of longshore transport has 
been observed to offer additional material into the POP littoral system, 
resulting in potentially higher erosive resistance during the Halloween storm, 
and thus indicating that similar buffering is possible for other events. 

Model results indicate that a beachldune system at POP constructed of the 
0.49-mm sand would be very resistant to erosion and provide considerable 
overtopping protection, even considering model limitations and the limited 
data available for SBEACH validation. A lack of flooding at Revere Beach 
and observed beach responses during recent storms appear to verify the 
modeling results and discussed conclusions. 
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4 Development of Runup and 
Overtopping Module 

Overview 

CENED required evaluation of a number of flood protection design options 
by predicting levels of potential overtopping in response to the storm database. 
A runup and overtopping module (ROTM) was developed that uses wave, 
water level, and profile response output from SBEACH, as well as profile 
structural characteristics determined by CENED. Despite limitations in the 
ability of SBEACH to accurately simulate beach change at Revere Beach, it 
was decided that the model output constituted the best available information. 
Overtopping rates are determined for selected profiles and structural 
conditions along Revere Beach and POP, and integrated along respective 
sections throughout the design storm to determine potential overtopping 
volumes. 

Development of the ROTM progressed iteratively until a partially verified 
module was employed to quantify overtopping volumes in response to the 
wave and water level database described in Chapter 2. The initial ROTM 
consisted of existing methodologies found in the technical literature base that 
were selected based upon suitability to the project site and intent of study. 
Field data were utilized in an attempt to calibrate and verify the initial ROTM. 
Following the calibration stage, a physical model study of overtopping was 
initiated to better define overtopping processes at the site. Finally, a partially 
site-specific ROTM was developed using regression analyses for a subset of 
overtopping conditions present during simulatibn of the storm database. This 
chapter focuses on the development of the ROTM and describes physical 
model issues only pertaining to the rationale behind the ROTM. Details of 
the physical m ~ d e l  setup, regression analyses, and input data set are given in 
Appendix A. 
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Initial ROTM development 

An extensive literature review of potential runup and overtopping methods 
was conducted to determine which methods were most applicable to the study. 
Numerous references describing various runup and overtopping methods were 
reviewed. The literature emphasized the fact that the phenomena of runup and 
overtopping remain poorly understood. Until better data are available, 
existing methods used to estimate overtopping should be considered to be 
within, at best, a factor of three, and conservatively, an order of magnitude of 
the actual overtopping rate. 

Available methods were evaluated for potential use with three main 
considerations: (a) type of structure the method was developed for and how 
closely the conditions tested resemble expected project conditions; (b) data 
requirements of the method versus data available from SBEACH; and 
(c) ability to code the method into a computer program. The literature review 
and evaluation led to the selection and development of viable methods to be 
used in the ROTM. The methods were expected to provide reasonable 
results; however, if expected overtopping rates were to be used for design 
purposes, a physical model study was initially recommended to verify and 
calibrate the proposed methods for site-specific conditions. 

Algorithms for selected methods were developed, coded, and assembled 
into the ROTM. The ROTM was applied to three general types of structures 
present along Revere Beach and POP: (a) a bermldune system at POP 
designed to prevent overtopping during the SPN, (b) a proposed revetment at 
POP, and (c) existing vertical seawalls of various crest elevations fronted by 
post-fill beach of various shapes. Wave conditions determined for individual 
profiles along Revere Beach and POP (Figure 2) were applied to appropriate 
seawall sections of varying crest elevation and length (Table 9). Resulting 
overtopping rates per unit width of seawall or dune were integrated along 
respective sections and combined for each tidal flood zone (Figure 2 and 
Table 9) to determine storage requirements. 

Runuplovertopping configurations for vertical seawall 

A vertical seawall fronted by an approximately 1: 15 sloped natural beach 
extends from Elliot Circle to Carey Circle. The seawall varies in crest 
elevation for different sections, ranging from 19.8 to 24.9 ft mlw. The 
beachlseawall intersection will also vary with each section, averaging approxi- 
mately 19 ft mlw according to the latest profile data. The resulting erosion or 
accretion due to the wave and water level database will vary the beachlseawall 
intersection point. The relationship of the still-water level (swl) to the 
beachlseawall intersection and the crest elevation of the seawall will determine 
the type of overtopping that can occur. The three expected overtopping 
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mechanisms shown (Figure 49) are: (a) weir flow when unbroken waves 
impact the wall during extreme water levels, (b) broken waves overtopping 
the seawall when the swl is at or above the beachlseawall intersection, and 
(c) bore waves with sufficient energy to run up the beach slope and impact 
and overtop the seawall when the swl is below the beachlseawall intersection. 

CASE I CASE I1 CASE I11 
Weir Flow Broken Waves Bore Runup 

Figure 49. Overtopping conditions expected at vertical seawall 

Selected methods 

There exists no single method to calculate expected overtopping rates for 
all conditions described above (Cases I, 11, 111, dune overtopping, and 
revetment overtopping). Each of the above five conditions involves different 
overtopping mechanisms, requiring the use of different methodologies to 
estimate expected overtopping rates. Three of the conditions, CASE I, CASE 
11, and revetment overtopping were able to use available methods derived 
from laboratory experiments with conditions similar to expected conditions. 
The lack of data and existing methods for conditions similar to those found in 
CASE I11 and dune overtopping required development of new methods to 
estimate overtopping. Without proper calibration and verification, the 
proposed methods can be assumed to be accurate only within an order of 
magnitude. Methods selected, conditions under which the method is to be 
applied, and required input are described in the following sections. 

Dune overtopping. A method was first developed to determine if runup 
values for incident wave conditions exceeded the dune crest (Resio 1987a). 
Next, the resulting overtopping when such conditions occur was determined 
(Battjes 1974). Resio estimates extreme runup statistics on natural beaches. 
The method is capable of predicting a frequency distribution for runup values, 
including maximum runup. Given a fixed dune crest elevation and incident 
wave conditions, Resio's model can be used to determine the number of 
runups exceeding the crest height. The result of Battjes and Roos (1975) 
relating runup to volume of water on a slope is then used to estimate the 
overtopping rate per unit of longshore length. 

Resio reanalyzes Holman's field data (Holman 1986) obtained at Duck, 
North Carolina, to apply an extreme value model to runup on natural beaches. 
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A strength of this method is the use of actual field data; however, it is 
assumed that runup conditions at the study site are expected to be similar to 
those observed at Duck, North Carolina. Resio's model for large values of 
runup can be written as: 

R1 = 1.25 - 1.05 (T,-0.5)-".19 (5) 

where T, = the return period of interest in number of runups, P, = 1/T, = 
the probability of exceedence, and R' = the coefficient of a form of Hunt's 
equation 

(RP8 - q)lHmo = R' 4 (9) 

with 
t = cu 1 (HmlLp)0.5 

where 

R,' = the runup statistic of interest as defined by the local peak method 

H,, = incident spectral significant wave height in water depth of 8 m 

L, = wavelength corresponding to peak period 

a = beach face slope 

7 = average vertical distance from the swl to the intersection of the 
water surface at the beach 

Battjes and Roos (1975) determined a relationship between estimated runup 
and the volume of water on a slope. The estimated volume is primarily a 
fblnction of the runup height and the slope of the beach. The maximum 
quantity of water stored above a certain location on the slope per wave (B,J, 
as measured in runup experiments with no overtopping (Figure 50),  will 
overtop per wave if the crest of the dune would be situated at that location 
(Figure 50). Combined with the number of runups exceeding the crest of the 
dune, estimates of overtopping volumes are determined. The overtopping 
discharge averaged over the wave period is expressed by the formula: 

in which q is the discharge of overtopping averaged over the wave period, 
and x, is the x-coordinate of the crest. B,, and are taken per unit width. 
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Figure 50. Definition sketch for the hypothesis B,,, = qT (Battjes and Roos 
1975) 

REQUIRED INPUT: 
H,, - incident spectral significant wave height at 8 m depth 

T, - peak wave period 
L, - wavelength corresponding to peak period 

CY - beach face slope 
- average vertical distance from the swl to the intersection of the 

water surface at the beach 

RESULTING OUTPUT: 
k, - Maximum runup for incident wave conditions (ft) 

NR - Number of runups exceeding crest of dune - 
q - overtopping rate averaged over the wave period per unit width 

(ft3/sec/ft) 

Revetment overtopping. A series of physical model tests was previously 
conducted at CERC to measure overtopping rates for a range of incident 
irregular wave conditions on model revetments (Ward 1992). The results of 
the study provided a means for predicting overtopping rates on riprap 
revetments under irregular wave conditions as a function of dimensionless 
overtopping rate and relative freeboard. Relative freeboard is defined as 

where F' is the relative freeboard, F is freeboard (height of structure crest 
above swl), and Lo is the deepwater wavelength. This parameter is 
particularly effective, as it accounts for different water levels, wave heights, 
and wavelengths. 

The overtopping rate is nondimensionalized as 
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q' = 4 (12) ( B H L ) ~  
where q' is the dimensionless overtopping rate per unit length of structure, q 
is the overtopping rate per unit length of structure, and g is gravitational 
acceleration. 

Regression analysis of relative freeboard versus dimensionless overtopping 
rates for the conditions tested yielded a relationship 

where m is the cotangent of the structure slope and C,, C,, and C, are 
dimensionless regression coefficients with best fit values of q=0.457847, 
C1=-29.4467, and C,=0.846428. 

The use of irregular wave conditions at the toe of the structure should 
provide more reasonable overtopping rates than other methods which often use 
deepwater monochromatic wave conditions. The conditions tested in the 
study, structure slope, beach slope, and armor characteristics, are also similar 
to conditions expected for the proposed revetment, 

REQUIRED INPUT: 
H,, - zero moment wave height at the toe of the structure 
Lo - deepwater wavelength 
F - freeboard 
m - cotangent of structure slope (3.0 for structure tested) 

RESULTING OUTPUT: 
q - volume of overtopping per unit time per unit width of structure 

(ft3/sec/ft) 

Vertical seawalls. Three methods were developed for the module that 
address potential overtopping conditions at vertical seawalls: weir flow, 
broken waves, and bore runup. 

CASE I: Weir Flow. Extreme water levels allow unbroken waves to 
impact the seawall or broken waves of sufficient height to flow over the top of 
the wall (F/Hi < 0.5) (Figure 51). 

A Japanese method proposed by Kikkawa, Shi-igai, and Kono (1968) is 
based on an extension of the steady-state weir flow equation of the form: 
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Figure 51. Weir flow overtopping condition 

where 

q = volume of overtopping per unit time per unit width (ft3/sec/ft) 

m = discharge coefficient (assumed = 0.5) 

F = freeboard 

By extending the method to the dynamic (unsteady) case and assuming a 
triangular wave form, a solution was proposed of the form: 

where k is a dimensionless empirically determined coefficient influenced 
mainly by wave steepness and beach slope. To obtain the coefficient k, a very 
limited set of data is used consisting of a few Japanese monochromatic tests 
on vertical walls and some of the Beach Erosion Board (BEB)/WES (BEB 
1956) monochromatic overtopping data. The physical approach of weir flow 
appears to be solid, although input wave conditions are in deep water and 
involve wave transformation uncertainty. Analysis of expected water levels 
and potential wave conditions indicates that weir flow conditions may not 
occur during modeled storms with the exception of the SPN. Results of the 
method are expected to be reasonable since unbroken waves able to impact the 
seawall undergo little transformation, removing part of the uncertainty 
involving deepwater input. 
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REQUIRED INPUT: 
Ho - deepwater wave height 
T - wave period 

Lo - deepwater wavelength 
F - freeboard 

RESULTING OUTPUT: 
q - volume of overtopping per unit time per unit width (ft3/seclft) 

CASE 11: Broken Waves. The swl must be at or above the beach/seawall 
intersection and the waves must be broken prior to interaction with the seawall 
(Figure 52). 

Figure 52. Broken waves overtopping condition 

Saville and Caldwell's (1953) original BEB overtopping studies on vertical 
seawalls fronted by a 1V: IOH slope closely simulate expected conditions. The 
original data were reviewed to determine which tests were applicable to 
expected conditions. Saville's original data consisted of three different wave 
conditions measured at or near the structure; breaking, surging, or reflecting. 
Of the original data set, a special subset of only breaking wave conditions is 
used for this method. The data set consists of three design water levels, 4, = 
0, 4.5, and 9.0 ft, with incident breaking wave conditions of 3- to 14-ft wave 
heights, 22- to 129-ft wavelengths, and a resulting wave steepness range of 
0.0465 to 0.1800 measured at or near the structure. Freeboard values ranged 
from 3 to 12 ft. Given breaking wave and water level conditions from 
SBEACH and available freeboard for each profile, resulting overtopping rates 
were determined by interpolating between original data points. A series of 
dimensionless graphs were developed from the original Saville data in the 
form of dimensionless overtopping, Q', versus relative freeboard, F'. An 
example of a dimensionless graph (Figure 53) for the swl at the toe of the 
structure (d, = 0) and the resulting equation are presented. 
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Figure 53. Dimensionless overtopping versus dimensionless freeboard graph 

A conservative exponential fit is represented by the equation 

Q' = exp(- 12.6995 *F 9 *0.0370 

where 

and 

REQUIRED INPUT: 
H, - incident breaking wave height from SBEACH 
T, - peak wave period 
J,, - wavelength corresponding to peak period 
4, - water depth at toe of seawall 
F - freeboard 
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RESULTING OUTPUT: 
Q - volume of overtopping per unit width of structure (ft3/ft) 

CASE 111: Bore Runup. Runup must first reach the seawall and secondly 
have enough energy remaining to overtop the seawall (Figure 54). 

Figure 54. Bore runup overtopping conditions 

Existing methods or data simulating this overtopping condition were 
unavailable. Therefore, it was proposed to develop a hybrid method which 
separates the above condition into two separate processes, overtopping of a 
sloping beach (A) and overtopping of a vertical seawall (B). The resulting 
overtopping due to each was weighted according to the vertical exposure of 
each condition. Because of the unverified nature of this approach, it can only 
be assumed to be accurate within an order of magnitude. 

Initially, Resio's (1987a) method for extremal runup on natural beaches 
was used to determine if actual runup ( R A  reached the seawall. If the 
estimated maximum runup failed to reach the seawall, then zero overtopping 
occurs. When runup impacts the seawall, the proposed hybrid method was 
used as described in Figure 55. 

The total overtopping is the slam of the weighted overtopping rates. 

Overtopping of the natural beach slope QA is determined using the same 
method implemented for dune overtopping (Resio 1987a, Battjes and Roos 
1975). Overtopping of the vertical seawall QB is determined using a special 
subset of Saville and Caldwell (1953) data with 4, = 0. 
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Figure 55. Graphical presentation of hybrid method proposed for bore runup 
overtopping condition 

REQUIRED INPUT: 
H, - incident breaking wave height from SBEACH 
Tp - peak wave period 
L, - wavelength corresponding to peak wave period 
4, - water depth at toe of seawall 
F - freeboard 

Hm, - incident spectral significant wave height at 8-m depth 
Tp - peak wave period 
L, - wavelength corresponding to peak wave period 
h, - height of beach/seawall intersection above swl 
h, - height of seawall crest above beach/seawall intersection 
a - beach face slope 

11 - average vertical distance from the swl to the intersection of the 
water surface at the beach 

RESULTING OUTPUT: 
R,, - maximum runup for incident wave conditions (ft) 

NR - number of runups exceeding crest of dune 
Q - volume of overtopping per unit width of structure (ft3/ft) 

Selection of ROTM methods 

Each method is to be applied under specific conditions. The dune 
overtopping would obviously be applied only at POP. The revetment 
overtopping would only be applied at POP for revetment analysis. When 
vertical seawalls are present, the selected method will depend on the still- 
water level (swl) position relative to the beach/seawall intersection and the 
wave conditions relative to existing freeboard. Weir flow is applied during 
extreme water levels when either unbroken waves impact the seawall or the 
available freeboard is less than one half the incident wave height (F/Hi < 0.5). 
The broken waves method will be used when the swl is at or above the 
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beachtseawall intersection and waves break at or near the seawall. The bore 
runup method will be applied when the swl is below the beachlseawall 
intersection and maximum runup is able to impact the seawall. A schematic 
of the ROTM is presented in Figure 56. 

t 
DUNEIBERM REVETMENT SEAWALL 

Dune Overtopping Revetment Overtopping I 

Bore Runup 

I- 

Breaking Waves 
r and 

Broken Waves 

,---a I Unbroken Waves 
V 

Weir Flow 

Figure 56. Schematic of the ROTM 
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Calibration of initial ROTM 

CENED requested overtopping predictions for a few given data sets prior 
to simulation using the wave and water level database. Predicted overtopping 
volumes and rates were submitted for the following cases: (a) November 
1991 profiles and November 1945 SPN storm to describe a worst-case existing 
condition, @) November 1991 profiles and October 1991 storm to indicate the 
vulnerability of a post-Halloween storm beach condition in response to a storm 
of characteristics similar to the Halloween storm, (c) October 1991 profiles 
and October 1991 storm to allow qualitative verification of the ROTM given 
observed levels of overtopping during the Halloween storm, and (d) February 
1978 profiles and February 1978 100-year storm (Great Blizzard) to reproduce 

' 

observed and measured overtopping volumes in order to calibrate and verify 
application of the ROTM to Revere Beach and POP. 

Overtopping volumes obtained from the ROTM simulations of the Great 
Blizzard were deemed excessive by CENED. Results given in Table 10 list 
the total overtopping volumes predicted for each tidal flood zone (defined in 
Table 9) for the data sets described. Qualitative comparison of the predicted 
and actual Halloween overtopping volumes indicates realistic results. Also, 
POP predicted overtopping volumes appear to be reasonable for each of the 
simulations. Relatedly, quantitative comparison of overtopping volumes 
predicted for the Great Blizzard against measured overtopping volumes was 
conducted. Overtopping volumes for each tidal flood zone were inferred from 
stage-volume curves for the Great Blizzard, and were obtained from the 
CENED. The original ROTM overpredicted rates, as shown in Table 11 for 
the Great Blizzard. 

Due to the outcome of the simulations using the original ROTM, an 
attempt was made to calibrate the ROTM given overtopping volumes from the 
Great Blizzard. Due to the conditional nature of the ROTM, it was not 
possible to merely adjust the module with a simple scaling of the output. 
Calibration of the ROTM required an investigation into the percentage of time 
each method (or submodule) within the ROTM was active, and in turn what 
magnitude of the total volume resulted for each given submodule. Table 11 
indicates that the prediction for flood zone 5B was accurate, but predicted 
volumes for the remaining flood zones exhibit significant differences relative 
to the CENED data. It was found that the broken waves submodule and 
condition dominated the overtopping prediction for the Great Blizzard, 
indicating that the broken waves method had difficulties accurately modeling 
the Great Blizzard. Further investigation of the data set upon which the 
broken waves method is founded produced no explanation for the nature of the 
predictions. In the absence of a pattern upon which to base a calibration 
methodology, the broken waves method was deemed invalid for this 
application. Since the ROTM could not be calibrated or further refined with 
this limited data set, a physical model study of various overtopping conditions 
was suggested to generate an ROTM better suited to the project site. 
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easured Overtopping Volumes for Great Blizzard 

Tidal Flood Zone 

Physical Model Tests 

As originally proposed, a physical model study was to concentrate on 
overtopping of the park dike located landward of the seawall at Revere Beach. 
Due to the inability to calibrate the ROTM, it was proposed to augment the 
originally proposed physical model study with a segment that would produce 
information to improve the ROTM. Justification for the work arose from a 
number of questions surrounding the proposed physical model tests and the 
possibility to overcome the limitations of the original ROTM. First, a 
numerical ROTM was capable of simulating numerous overtopping conditions, 
including various seawall elevations and different profile shapes, that the 
physical model study would not address due to time and funding constraints. 
Also, a numerical study would produce predictions for a large set of storms, 
whereas a physical study was limited to a few cases. Conversely, a physical 
model was capable of producing site-specific data that could be used to 
calibrate and verify a numerical simulation without relying on applicability of 
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results from other tests to the site conditions at Revere Beach. The 
physicallnumerical approach could be used to support one another's results, 
and produce a reliable ROTM due to the ability of a site-specific physical 
model to produce good results for limited conditions and the ability of a 
numerical method to extrapolate to more general site and storm conditions. 

A revised scope was developed and implemented, and reflected the need to 
conduct tests that allowed the development of the ROTM. Physical modeling 
work focused on verification of the physical model setup using the Great 
Blizzard data, then generating site-specific relationships to predict overtopping 
dependent upon the bore runup and broken waves overtopping conditions. 
Development of the bore runup condition was necessary due to preliminary 
analyses that indicated existing condition simulations at Revere Beach would 
be strongly dependent upon bore runup. Concisely, physical model work had 
three major tasks (as related to the development of the ROTM): 
(a) verification of the physical model study to the project site using the Great 
Blizzard data set; (b) generation of data necessary to develop the bore runup 
submodule; and (c) acquisition of data to develop the broken waves 
submodule. 

Verification of physical model overtopping 

Verification of the physical model setup utilized data from the Great 
Blizzard and 1978 profile information. Tidal flood zone 2A was selected for 
the verification, and Profile 2 was chosen as the dominant contributor to 
overtopping volumes along this reach. Model tests focused on reproducing 
response to changes in water level, wave characteristics, and duration of 
existence for a given set of conditions. Output of SBEACH was used as input 
to the physical model tests, and included the transformed significant wave 
height at a location corresponding to the position of the wave paddle in 
relationship to the seawall (approximately 2,000 ft offshore, see Appendix A 
for physical model dimensions). The output covered the anticipated interval 
when overtopping occurred during the actual storm, so a discretized storm 
simulation was modeled in the wave flume. Discrete storm parameters were 
input to the physical model and were interpolated in order to model the storm 
duration when overtopping occurred. Data input to the physical model study 
for the verification stage as output by SBEACH are summarized in Table 12. 
The actual data selected for use in the model are a subset of this data and are 
described in Appendix A. 

Total overtopping volume for tidal flood zone 2A was estimated as 
600 acrelft for the Great Blizzard. Surveys of high water marks in a ponding 
area provided this estimate of total overtopping for flood zone 2A. The total 
overtopping volume obtained from the physical model study was approxi- 
mately 780 acrelft (see Appendix A). The increased overtopping in the 
physical model is likely the result of a number of factors, including modeling 
tidal flood zone 2A with only Profile 2 and a seawall elevation of 21.0 ft mlw 
which is possibly a conservative figure. The model setup ignores the contri- 
butions of Profile 1 and higher seawall elevations which would likely reduce 
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overtopping. The 30-percent overprediction was considered acceptable given 
the necessary approximations inherent in the physical model development and 
application, and in the inferred actual overtopping volumes, plus the improve- 
ment in comparison with the initial ROTM estimates. Completion of the 
verification stage allowed physical model tests dedicated to the development of 
the ROTM to proceed. 

Worst caselbore runup simulations 

Following verification of the physical model methodologies, it was 
necessary to meet CENEB requirements to define overtopping volumes for a 
worst-case existing condition. Total overtopping volumes for a worst-case 
event will be used to determine the required flood mitigation and retention 
structures. Furthermore, all simulations conducted with the November 1991 
profiles and any of the storm database result in the bore runup condition due 
to the still-water levels associated with the water level data and the elevation 
of the beachlseawall intersections. It was possible, therefore, to obtain the 
data needed by CENED and at the same time develop the bore runup sub- 
module of the ROTM with a single series of model runs. This series of tests 
made use of November 1991 profile data and the SPN event. Profiles 1-5 
were incorporated in the tests because Profiles 6-8 were designed with either a 
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dune or revetment, thus the bore runup relationships were necessary only at 
Profiles 1-5. 

As stated in a previous section, bore runup is the overtopping condition 
resulting from swl intersection with the beach face below the beach/seawall 
intersection elevation. Making use of the higher water levels within the SPN 
and site-specific profile data generated a relationship representative of Revere 
Beach. Output from SBEACH for Profiles 1-5 and the SPN, and data input 
for the physical model, are summarized in Table 13. Specific data imple- 
mented in the model are outlined in Appendix A. The data indicate a wide 
range of tested parameters dependent upon profile location and depict the 
ranges when overtopping occurred for the specific model setup. Despite the 
modeling of only one wave period, it is anticipated that the long wave period 
resulted in conservative regressions when applied to storms of lesser period 
due to the increase of runup potential with increases in wave period. Output 
from the physical model tests included overtopping rates per linear foot of 
prototype seawall for Profiles 1-5 and each hour of the storm that had 
measurable overtopping. Regression analyses were conducted to generate 
predictive relationships for overtopping rates given variable wave, water level, 
profile, and structural conditions. Regression analyses and the bore runup 
data set are detailed in Appendix A. 

The regression relationship developed for bore runup is given by 

Table 13 
Worst-CaseIBore Runup Physical Model Input 

where 

QBR = overtopping rate (cfslft) due to bore runup 

TP 

15.9 

15.9 

15.9 

15.9 

15.9 

Profile Number 

1 

2 

3 

4 

5 

g = gravitational acceleration 
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SWL (ft, mlw) 

9.7-1 6.6 

9.7-1 6.6 

9.7-1 6.6 

9.7-1 6.6 

9.7-1 6.6 

Total Water 
Level (ft, mlw) 

10.7-17.4 

11.4-18.6 

11.6-19.0 

10.6-18.0 

10.7-17.4 

Hs 

2.8-9.8 

9.8-14.2 

4.1-4.4 

7.1-7.9 

2.8-9.8 



where 

PI1 = blf (Buckingham PI dimensional analysis term) 

PI5 = dlf (Buckingham PI dimensional analysis term) 

b = beach freeboard, height of the beach at the base of the seawall 
above the swl 

d = water depth in the wave flume at wave paddle location 

f = structure freeboard, height of the seawall crest above the swl 

Broken waves simulations 

The broken waves overtopping condition occurs when the swl is located at 
an elevation above the beachlseawall elevation. The 1978 profile data set, 
which was implemented in a number of overtopping simulations, causes the 
broken waves condition to occur for some of the storms contained in the wave 
and water level database. Attempted calibration of the initial ROTM indicated 
difficulties for the broken waves method originally used at Revere Beach. 
Thus, it was necessary to include a series of physical model tests to improve 
the ability of the ROTM to predict overtopping for broken waves type water 
levels, and wave conditions below the level where weir flow occurs. 

Profile 2 data from 1978 were used in the physical model to satisfy the 
broken waves condition. This setup provided conservative data since Profile 2 
historically experiences the greatest overtopping rates along Revere Beach and 
POP. Storms were selected based upon results from original ROTM 
simulations with the 1978 profile data that identified the storms for which 
broken waves overtopping predominated. It was deemed necessary that a very 
high percentage of overtopping obtained in the physical study must be due to 
broken waves so that the regression equation was applicable. Due to 
difficulties related to monitoring overtopping conditions, as defined at Revere 
Beach, in the wave flume, the ROTM was used to track wave heights and 
water levels following procedures initially used in calibration of the ROTM. 

Table 14 shows the storms tested for possible use in the physical model 
tests. The percent occurrence of overtopping in terms of time and magnitude 
due to the broken waves submodule (original version) is listed, as are total 
overtopping volumes (Profile 2 only) computed using the initial overtopping 
module. Storms selected for inclusion in the physical study are indicated by 
asterisks. It is evident that the six selected storms are nearly totally dependent 
upon the broken waves condition, with the lowest percentage magnitude 
occurring for the February 1972 20-year event at 92 percent due to broken 
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waves. Lastly, Table 14 indicates that the range of predicted overtopping 
resulting from the initial ROTM for the selected storms was 375-1,885 acrelft. 
It was anticipated that these values were representative of the storm set and 
would create a reasonably well-sorted data set upon which to perform the 
regression analyses. 

Table 14 
Storms Used in Development of Broken Wave Submodule 

Output from SBEACH for Profile 2 and the selected storm subset, and data 
input for the physical model are given in Table 15. Specific input utilized in 
the physical model is detailed in Appendix A. Output from the physical 
model tests included overtopping rates per linear foot of prototype seawall for 
Profile 2 and each hour of the selected storms that had measurable over- 
topping. Regression analyses were conducted to generate predictive relation- 
ships for overtopping rates given variable wave, water level, profile, and 
structural conditions. Appendix A details the regression analysis. 

The regression equation developed for the broken waves submodule is 
given as 

Predicted 
Overtopping 
Volumes Iacre-ft) 
Profile 2 only 

15405 

15 

1885 

1215 

Storm 

November 1945 20-yr 

February 1958 50-yr 

March 1958 50-yr' 

January 1961 100-yr' 
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'Storms selected for inclusion in  the'physical model study of broken waves 
overtopping condition. 

Percent Occurrence of Overtopping Due 
to  Broken Wave Conditions 

Time 

8 6  

9 2  

100 

100 

Magnitude 

22 

9 5 

100 

100 



Table 15 
Broken Waves Physical Model Input (Profile 2) 

I Total Water I I 
Storm I swl (ft, mlwl I ~ e v e l  (ft, mlwl I tis I TP 

March 1958 12.6-1 4.6 12.9-1 4.4 7.6-10.6 10.7-1 2.Q 
50-yr 

January 1961 10.5-14.9 10.6-14.4 6.7-10.5 8.6-9.0 
100-yr 

I 

December 

February 1972 10.9-14.2 I I 12.4-1 5.2 I 7.3-8.5 
20-vr 

February 1978 11 -5-1 4.6 12.4-1 5.1 3.1-7.6 1 1 .O- 1 2.0 I 50-yr 

where 

Qsw = overtopping rate (cfslft) due to broken waves 

where 

Hs = Incident significant wave height corresponding to the 
approximate position of the wave paddle 

Lo = Deepwater wave length - [;:I 
T, = Peak wave period 

Worst-case overtopping 

Additional physical model tests were added to address an extreme worst- 
case overtopping condition. CENED required information to envelope 
possible overtopping conditions. The developed worst-case ROTM submodule 
made use of specific worst-case data (1978 profile and SPN storm), 
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verification data (1978 profile and Great Blizzard storm), and broken waves 
data (1978 profile and storm data shown in Table 15) to generate a com- 
prehensive database upon which to base a regression equation capable of 
handling a wide range of broken waves conditions, as well as weir conditions 
resulting due to the SPN. For the physical model study of the worst-case 
condition, Profile 2, which was previously used in the verification stage, was 
used along with the SPN event. Time and monetary constraints limited worst- 
case tests to a single profile condition. Portions of the worst-case storm were 
not modeled due to physical scale limitations imposed by the testing facility; 
thus, information concerning extreme overtopping conditions is limited. 
Information on input and physical-model-generated worst-case data is 
contained in Appendix A, as are details of the regression analysis. The 
developed regression incorporated into the ROTM for the worst-case 
application is given by 

where 

Q, = overtopping rate (cfslft) due to worst-case 

where 

fb = beachlstructure freeboard, seawall crest height above beach 
crest 

This regression was applied only to the worst-case condition and was not used 
for other simulations. The broken waveslweir flow condition, as defined by 
Equation 25, was assumed dominant with overtopping due to bore runup 
neglected due to the setup of the "worst-case" ROTM. Limits as defined by 
the data set were used to create a lower bound on overtopping predictions; 
however, due to an inability to conduct extreme portions of the physical 
model tests, caused by physical scale constraints, no upper limit was enforced. 
This resulted in allowing the regression to be applied to extreme conditions 
beyond the limits of the regression database where results are uncertain. 
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Reliability of ROTM 

Generation of improved broken waves and bore runup submodules covered 
a substantial portion of overtopping conditions that were considered during the 
course of the study. In summary the conditions addressed by the physical 
model study and regression development were: (a) existing condition over- 
topping at Revere Beach with the bore runup work (Profiles 1-5, November 
1991 profile data, and wave and water level data set); (b) broken waves con- 
dition using profilelstructural conditions similar to Profile 211978 data set (swl 
level above base of seawall and roughly 10-12 ft of seawall/beach freeboard); 
and (c) worst-case condition using Profile 211978 data set and the SPN. 
However, several conditions were not represented by the physical model work 
and will be discussed as relevant in Chapter 5. The data set used in the 
development of the regression equations is limited; therefore, overtopping 
predictions that require extrapolating beyond the limit of the input data set will 
provide results of questionable reliability. 

Conditions represented well by the physical model tests are those with 
profile and structural conditions similar to those implemented in the physical 
model. Dominant storm parameters most influential on overtopping predic- 
tions were well represented by conducting physical tests over a wide range of 
water levels and wave heights. For the bore runup simulations, model tests 
covered all conditions resulting in measurable overtopping for the SPN and 
present profile. However, constant wave periods during the peak of the SPN 
resulted in the exclusion of this anticipated important parameter, which, given 
the large wave period used in the physical tests, should create a conservative 
relationship with respect to wave period. Broken waves physical tests 
included a wide range of water levels, and wave heights and periods; 
however, were  conduct^ using only one profile. It is anticipated that the 
broken waves condition was well-represented by Profile 2 and tested storm 
conditions, but the exclusion of different profile shapes leads to questions 
when the module is applied to different profiles. Overall, the ROTM's 
reliability decreases with applications utilizing significantly different profile 
geometries than tested with less noticeable effects when applied to untested 
waves and water levels. 

Data points used to complete the regression analyses were associated with 
times of greatest overtopping representing approximately 15 hr of each 
selected storm. The final ROTM is a site-specific calculation method based 
upon profile, structural, and storm information obtained for the study site. 
Regression equations were derived using all data points from the physical 
model study; thus there exists no data with which to independently verify the 
ROTM module with other situations. The ROTM was verified to the physical 
model study with the numerical simulation of the events studied in the wave 
tank. This verification provided confidence in the physical model and ROTM 
setup, and proof of the ROTM concept. The algorithms describing runup and 
overtopping on a duneherm and revetment remain unverified due to a lack of 
data. Finally, it is suggested that the ROTM results be used with caution 
despite an apparent improvement of the module through the physical model 
work. 
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5 Assessment of Storm- 
Induced Overtopping 

Overview 

Design of the Revere Beach park dike and ponding and estuary storage 
areas requires overtopping volumes and rates as a function of storm intensity. 
For POP, comparison of dunetbeach fill and revetment response is necessary 
to determine which flood protection structure(s) will provide the required level 
of protection while minimizing costs. Estimates of overtopping rates were 
generated using the developed ROTM which uses wave, water level, and 
profile response information output from SBEACH, as well as profile 
structural characteristics considered in design. The ROTM, described in the 
previous chapter, was applied to address design and performance of flood 
mitigation structures. Applicability of the ROTM to each condition 
considered herein is discussed as relevant. 

Application of Runup. and Overtopping Methods 

The ROTM was utilized at Revere Beach and POP to determine required 
flood protection and to predict the performance of the coarse-grained beach 
fill. The goals of this work were: (a) optimize dune design at POP, 
(b) evaluate revetment design at POP, (c) estimate flood protection provided 
by coarse-grained beach fill and seawalls subject to the wave and water level 
database, (d) predict overtopping associated with the. Halloween storm, using 
both pre- and post-storm profile information, and Great Blizzard, and 
(e) evaluate worst-case overtopping conditions possibly present at the project 
site due to the loss of sand from the beach profiles. This chapter describes 
this work and addresses proposed flood protection designs, pre-fill flood 
vulnerability, envelope of expected coarse-grained fill response to severe 
events, and provides other needed information to generate an effective design, 
both physically and economically. 
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Dune optimization 

Dune optimization refers to the iterative evaluation of overtopping potential 
as a function of dune crest elevation and corresponding fill volume at POP 
(Profiles 6, 7, and 8). Dune design is characterized by placement of a 1:5 
shoreward slope up to a given crest elevation, a 50-ft-wide dune crest, and a 
seaward slope of 1:15 down to existing grade. Profile data from 
27 November 1991 were used as existing grade, and more shoreward data 
were obtained using photogrammetric maps from July 1991. Shoreward dune 
origins were located approximately at the edge of the beach road fronting 
POP, and the grain size used was 0.49 rnm. Dune crest elevations were 
increased in 2-k increments from an initial elevation of 21 ft rnlw until no 
overtopping occurred as predicted within SBEACH and requested by CENED 
due to the most extreme event, the SPN. The design proposed was selected 
due to limited construction space caused by navigation channels offshore of 
the project site, which prohibited the construction of a dunelberm 
combination. The 1: 15 seaward slope for the coarse-grained beach fill 
matched the nearshore beach slope present at Revere Beach, and it is 
anticipated that the seaward slope would equilibrate in a shape similar to 
present conditions at Revere Beach with minimal effect on the integrity of the 
dune feature. 

SBEACH runup estimates were initially used to infer overtopping of the 
dune crest. The dune elevation was considered insufficient if runup exceeded 
the crest during a significant portion of the simulation, thus initiating the 
overwash algorithm contained within SBEACH (Wise and Kraus 1993)- Final 
overtopping results were obtained using the dune overtopping portion of the 
ROTM. Conclusions concerning dune effectiveness were made using altered 
beach profiles (Chapter 3), which indicate runup exceedance and dune 
degradation as predicted by SBEACH in response to the storm database, md 
computed overtopping volumes as calculated by the ROTM. Iteration of dune 
crests was continued until a maximum elevation of 25 ft mlw, which was 
above the elevation recommended by CENED to ensure project aesthetics, 
23 ft miw. 

Dune optimization was conducted using combinations of SBEACH calibra- 
tion parameters in order to generate a range of anticipated results. Because 
the optimal POP calibration parameters were developed for a beach with 
0.21-mm grain size and dune optimization was conducted with 0.49-mrn 
material, different beach grain size could play a role in determining optimal 
calibration parameters. Additionally, complete verification of SBEACH is not 
possible with only one profile; thus, multiple runs with different calibration 
sets attempt to account for a range of predicted results. Profile simulations 
(Chapter 3) were conducted with K = 0.005 x lo4 and Eps = 0.001 due to 
improved profile prediction as partially verified by the Halloween storm data. 
For dune optimization, more erosive calibration parameters were also tested in 
order to maintain a level of conservatism. As stated in Chapter 3, profile 

Chapter 5 Assessment of Storm-induced Overtopping 



response simulations yield only qualitative results, but optimization requires 
the specification of a single dune design; therefore, the range of erosive 
calibration parameters was implemented. 

Figures 57-65 present the results of the dune optimization simulations using 
more erosive calibration parameters and the calibration set used for the profile 
simulations in Chapter 3. Larger values of the calibration parameter K 
produce greater sand transport and more prominent bar features, and larger 
values of Eps produce a more subdued bar. These runs were conducted using 
the SPN as a worst-case event. 

Based upon profile response only, it is evident in Figures 60-65 that 
Profiles 7 and 8 are resistant to dune degradation for either 21- or 2 3 4  rnlw 
dune crest elevations. Note that accretive effects of this long wave period 
event, the SPN, in conjunction with the coarse beach fill and low wave 
heights caused a buffering of the dunelberm system at Profiles 7 and 8. At 
Profile 6, dune erosion was more evident except for simulations conducted 
with the lower calibration parameters (Figure 59). Using more erosive 
calibration parameters, Profile 6 experiences notable dune degradation due to 
overwashing mechanisms. The 23- and 25-ft mlw dune crest elevations, 
however, appear to maintain high dune crests (above approximately 
22 ft mlw) and intuitively still provide a high level of flood protection. 
Figures 57a and 58a depict significantly eroded dune features for the 
21-ft mlw dune crest elevation, thus precluding the selection of this design. 
Analysis of the dune optimization profile response results indicates that the 
dune designs tested with a coarse-grained beach fill are extremely resistant to 
erosion in response to the SPN. Only at Profile 6 for the 2 1 4  mlw dune 
crest elevation is a high degree of dune degradation predicted. 

The ROTM was utilized to quantify the performance of the different dune 
designs in order to augment conclusions drawn from profile response 
simulations. Table 16 lists results of the ROTM for some of the calibration 
parameters considered for the analyzed dune designs. Only at Profile 6 with a 
2 1 4  mlw dune crest.is there notable overtopping predicted in response to the 
SPN. Results in Table 16 show overtopping volumes at Profile 6 to be 
approximately 55-80 acre-ft, which intuitively would agree with the profile 
response simulations. It was tentatively concluded based upon profile 
response results that a 2 3 4  dune would suffice at Profile 6, and ROTM 
predictions agree. Similarly, profile response simulations indicated negligible 
overtopping at Profiles 7 and 8, and results of the ROTM support this 
observation. Finally, it is anticipated that a dune crest of 23 ft rnlw would 
provide substantial flood protection against the SPN event. The fully 
optimized dune elevation of 21 ft is not suggested at Profiles 7 and 8, so that 
a continuous dune system is implemented to eliminate possible three- 
dimensional effects not accounted for in the analysis. One additional consider- 
ation not evaluated during dune optimization using the ROTM is the width of 
the dune crest that would serve to augment protective characteristics of the 
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Figure 57. K = 2.5 x 10" and Eps = 0.003 (Profile 6) 
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Figure 60. K = 2.5 x 10" and Eps = 0.003 (Profile 7 )  
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Figure 61. K = 2.0 x 1 0 6  and Eps = 0.003 (Profile 7) 
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Figure 62. K = 0.5 x 1 0 6  and Eps = 0.001 (Profile 7 )  
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Figure 64. K = 2 .0  x 1 0-6 and Eps = 0 .003  (Profile 8) 
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dune. The ROTM does not consider the crest width, calculating overtopping 
over a single crest point. It is expected that the dune crest would reduce 
overtopping of the entire dune feature, which logically will differ from 
overtopping of a single point. 

Because the SPN tended to move the coarse-grained material onshore at 
Profiles 7 and 8, and Profile 6 was predicted to perform well in mitigating 
overtopping, further dune optimization was conducted to test different dune 
designs requiring less beach fill material. Two analyses were completed: 
(a) testing of a smaller dune with a 3 0 4  crest width, and (b) creating and 
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testing of a more "erosive" SPN event in response to the onshore movement 
of material predicted for the "original" SPN. Additionally, the CENED 
proposed to optimize dune seaward slopes. However, the match between the 
1: 15 dune slope and natural beach slopes, and relatively minor predicted 
profile responses, suggesting a profile essentially at equilibrium, eliminated 
this work. As stated, the ROTM does not account for dune crest widths and 
profile response was used as indicative of the capabilities of the narrower dune 
crest. The "erosiven SPN was created from the "original" SPN by decreasing 
wave periods, which influences the direction of transport as predicted by 
SBEACH, with steeper waves causing a more erosive storm. Also tested with 
the "erosive" SPN was the effect of the narrower crest width on beach 
response, and ultimately overtopping. Again, results indicated that the dune 
feature was very stable, with no increase in overtopping given the 3 0 4  crest 
width and/or the "erosive" SPN. Finally, dune optimization indicated that a 
3 0 4  crest width at either 21 ft (Profiles 7 and 8) or 23 ft rnlw is sufficient to 
mitigate flooding at POP, assuming proper maintenance. 

Revetment evaluation 

Performance comparisons between dune and revetment designs were 
completed with the prediction of overtopping of the proposed revetment. A 
revetment submodule was incorporated into the ROTM using the method 
developed by Ward (1992) (see Chapter 4). The ROTM was used in conjunc- 
tion with SBEACH to evaluate the revetment at POP (Profiles 6, 7, and 8), 
for cases with and without protective beach fill fronting the structure. 
Figure 66 depicts the revetment design at Profile 6 both with and without 
beach fill. Revetment design at Profile 6 consists of a revetment with a 1 0 4 -  
wide crest at 20.5 ft mlw starting at the existing seawall, with a 1:3 seaward 
slope down to a 20-ft-wide beach fill at 10.5 ft mlw. The revetment design at 
Profiles 7 and 8 is shown in Figures 67 and 68 both with and without 
protective beach fill fronting the structure. Revetment design at Profiles 7 and 
8 is characterized by a crest elevation of 18.5 ft mlw, and proposed burial of 
the entire structure beneath a dune feature with a 1: 12 seaward slope down to 
existing grade. The SPN was used to simulate profile response and yield 
ROTM input. With- and without-beach fill conditions were simulated to give 
a range of conditions encompassing the potential pre-storm profile shape. It is 
important to note that Profiles 7 and 8 with-beach fill conditions were treated 
as a dune, because it was found that the revetment never became exposed 
during SPN simulations. 

Results of the revetment evaluation are presented in Table 17. Note that 
overtopping volumes are significantly reduced when beach fill is used in 
conjunction with the revetment, due to the dissipative characteristics of the 
fronting beach. Comparison of overtopping volumes for the dune systems and 
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Figure 66. Revetment design at Profile 6 
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Figure 68. Revetment design at Profile 8 

Table 17 11 

Crest Elevation Overtopping Volume, 

I With Fill 1 18.5 1 642 11 

revetment designs indicates that the dunes in the design configurations are 
significantly more effective in mitigating overtopping. This evaluation points 
to the resistance of the coarse f i l l  to erosion and overtopping, and advantages 
associated with increased dune elevations. Lastly, relative to revetment results 
for the SPN, it appears that implementation of a dune system at POP most 
likely would provide the required level of flood protection. 
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Overtopping simulations 

Based upon results of dune optimization and revetment evaluation, design 
options at POP were selected and extensive evaluation of the Revere Beach 
and POP reach was completed. Dune optimization, revetment evaluation, and 
profile response simulations indicated the effectiveness of a dune system at 
POP. CENED directed to test revetment options only at Profile 6 where dune 
capabilities appear less certain, eliminating the revetment option at Profiles 7 
and 8. A dune elevation of 23 ft mlw was selected for further testing at POP. 
In order to maintain consistency along the dune section and eliminate potential 
three-dimensional effects, a single dune was selected in lieu of the fully 
optimized dune elevations as discussed in a previous section. Concisely, 
Revere Beach was evaluated with the structural/profile conditions present on 
27 November 1991, which were considered existing conditions, and POP was 
tested with revetment (with and without beach fill) and dune designs at 
Profile 6, and dune designs at Profiles 7 and 8. 

The range of application of the regression equations is discussed here to 
augment Chapter 4 and Appendix A with evaluation of specific applications 
and assessment of ROTM performance. 

Bore runup was tested in the physical model for a wide range of 
overtopping conditions for each individual profile. It is assumed that data 
points outside the tested range at each profile result in zero overtopping, 
because all storm conditions that caused notable overtopping as a result of the 
SPN and given profile were modeled in the laboratory. Ranges of data are 
presented in Appendix A for storm and profile combinations. Application of 
the bore runup regression was conducted using only the data within the tested 
ranges (in terms of Buckingham PI terms given for bore runup) for each 
profile, and all data outside of these limits were assigned a value of zero. 

Similarly, simulations utilizing the broken waves submodule were for the 
range of data tested in the physical model. The verification portion of the 
physical model tests was completed with Profile 2; therefore, Profile 2 was 
the 1978 profile tested in the physical model. This resulted in a single 
application range (range of Buckingham PI terms) for this submodule, as 
opposed to the bore runup situation where five separate ranges resulted due to 
the construction of five different profiles. Appendix A contains the range of 
tested data and application of the broken waves regression was limited to data 
within the tested range with the remainder of the simulation assumed to result 
in minimal overtopping. 

Overtopping results for the entire project in response to the set of 50 storms 
are located in Appendix B with revetment and fronting beach fill at Profile 6. 
Appendix C presents overtopping results for Profile 6 only, for two design 
options, revetment without fronting beach fill and a dune with a 2 3 4  crest 
elevation. Profiles dated 27 November 1991 were used to represent existing 
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conditions, along with the dune cross sections at POP. Application of the 
ROTM followed methods previously discussed with results of SBEACH used 
as input to the revised ROTM. All simulations (Profiles 1-5) contained in 
Tables B2-B51 utilized the physical model generated regression equation for 
bore runup. Examination of overtopping rates as a function of storm parame- 
ters indicated reasonable predictions. ROTM output for the SPN event was 
verified using overtopping volumes measured in the physical model study, 
thus providing for validation of the ROTM setup. Table B1, which summa- 
rizes Tables B2-B51, contains only total overtopping volumes for the entire 
site, which may be used to evaluate the total flood mitigation scheme. Tables 
B2-B51 contain information that may be used to further design or optimize 
individual flood protection structures. 

It is obvious from Appendix B results that the November 1945 event is the 
most severe in terms of overtopping; however, the coarse-grained beach fill at 
Revere Beach appears effective in mitigating flooding even in response to the 
SPN. Overtopping for the November 1945 event at various return frequency 
water levels ranges from approximately 133 to 943 acre-ft (with dune at 
Profile 6) and 148 to 3,614 acre-ft (with revetment at Profile 6), and 29 to 
287 acre-ft (with dune) and 29 to 291 acre-ft (with revetment) for the 
February 1978 storm (see Appendices B and C). Sustained high water levels 
and storm duration are responsible for the increase in overtopping for the SPN 
relative to other storms. From Tables B2-B51, it is evident that for a set of 
storms with the same return period (maximum water levels) maximum over- 
topping rates are comparable. However, large differences in overtopping 
volumes result from storm sub-peaks for sustained storms where overtopping 
occurs over numerous tidal cycles. Overall, overtopping volumes appear 
rather well controlled for all but the most extreme storm events with revet- 
ment at Profile 6. Attention should be given to the overtopping volumes 
predicted at POP, where essentially no overtopping occurs for any of the 
storms in the set for the continuous dune. This again points to the effective- 
ness of the dune system. Also, the revetment with beach fill appears capable 
of reducing potential flooding in response to storms between the 50- and 
100-year return period level. It is not possible to analyze a deteriorated 
beach/dune system, which might result in an increase in damage susceptibility 
and should be considered in the interpretation of the results presented and in 
development of a fill maintenance plan. A lack of maintenance to sustain the 
beach and dune in a near-design state would negate the work conducted 
herein, thus creating an uncertain level of flood protection. 

Table B1 depicts the relationship between storm return periods and 
predicted overtopping volumes. The November 1945 SPN, 500-, and 100- 
year storms result in substantial overtopping volumes, primarily at Profile 6 
(with revetment). Overtopping at Profile 6 for these events resulted due to the 
presence of input conditions that well exceeded the range of applicability of 
the revetment equation, thus leading to apparently extreme results. It is 
obvious from Tables B2-B4 that overtopping rates at Profile 6 are excessive, 
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but should be considered indicative of anticipated high levels of flooding. It is 
noted that the revetment portion of the ROTM includes dependency on wave 
length and wave height at the structure. This causes the November 1945 
event to far exceed other storms in overtopping volumes at the revetment due 
to associated long wave periods and large wave heights. 

The four 100-year storm events range in predicted overtopping from 151- 
663 acre-ft. Profile 6 contributes 300 acre-ft to the November 1945 100-year 
event, but portions of this event exceed the range of applicability of the 
revetment relationship. The range of overtopping is 151-363 acre-ft for the 
100-year events if a dune is implemented at Profile 6. Overtopping for the 
nine 50-year storms varies from 1 1 1-548 acre-ft (with revetment) and from 
11 1-457 acre-ft (with dune). These results indicate an increase in revetment 
effectiveness at approximately the 50-year return period level with revetment 
capabilities more closely modeling predicted overtopping with a dune at 
Profile 6. Ranges of total overtopping volumes decrease for the higher 
frequency events with the ten 20-year events predicted to yield 71-184 acre-ft 
and the ten 10-year storms from 42-148 acre-ft. The wide variance of 
overtopping for the low frequency events relative to high frequency storms is 
a result of the definition of return period based only upon maximum total 
water level. It is evident that hydrograph shape (duration of storm peak and 
significance of storm sub-peaks) plays a major role in determining total 
overtopping volumes. Only the November 1945 event has numerous storm 
peaks that cause notable overtopping to occur over several consecutive high 
tide cycles. These sub-peaks are only slightly greater than those associated 
with other storm events, which points to the dependence of overtopping on 
water level changes. 

The sensitivity of the bore runup regression equation to data that 
extrapolate beyond the tested data set is observed for a limited number of 
cases. From Tables B2-B7, an inaccurate trend of results is observed for the 
Oak IslandlProfile 2122.5-ft mlw wall height overtopping condition. As storm 
return period decreased, it was anticipated that overtopping volumes would 
also decrease. However, only one wall height was tested at Profile 2, and it 
is uncertain how representative the 21.0-ft mlw wall height that was tested is 
for the entire section. It is probable that the 2 2 . 5 4  wall height causes an 
unusual combination of parameters, resulting in a "stretch" of the regression 
equation. It is suggested that results corresponding to wall heights 
significantly different from the tested wall height at a given profile be 
interpreted conservatively. 

One additional irregularity that must be addressed in more detail appears in 
Appendix B, where the total overtopping calculated at Revere Beach (Profiles 
1-5) for the November 1945 50-year event is greater than the volume output 
for the November 1945 100-year event. An explanation of the volumes 
obtained from the November 1945 50- and 100-year storms can be traced to 
the differences in the storm hydrographs. Figure 69 depicts the swl (surge + 
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tide) used in SBEACH simulations of these events. Note that the peak water 
level for the 100-year storm exceeds the peak of the 50-year storm, and subse- 
quently the 100-year maximum overtopping rate exceeds the 50-year rate (see 
Tables B4 and B5). Storm return periods were assigned in Part I of this study 
based solely on this peak water level; however, it is unknown a priori that a 
higher return period event will result in increased overtopping (or recession if 
pertinent). Many factors play a role in determining total overtopping volumes 
for a given storm event, including water level (both peak and significant sub- 
peaks), wave height, storm duration, wave period, and hydrograph shape 
(i.e., the duration of the peak of the storm). It is not totally correct, due to 
the influence of many factors on storm effects, to assume that total water level 
(specifically peak water level) is the defining storm parameter; however, such 
assumptions are currently common practice. 

Importance of the storm sub-peaks can be seen from comparison of the 
predicted overtopping rates for the 50- and 100-year November 1945 storms. 
From Figure 69, it can be seen that it is not solely the major storm peak that 
determines overtopping, but instead the summation of all storm peaks signifi- 
cant enough to cause overtopping. Despite the correct trend in overtopping 
rates at the storm peak, it is evident from Figure 69 that other portions of a 
storm will result in different overtopping trends due to the relative shape 
differences between the storm hydrographs. These sub-peaks demonstrate the 
importance of storm duration and hydrograph shape, including the magnitude 
and phasing of the astronomical tide, for the 50- and 100-year storms. In 
Figure 69, the 50-year event maintains a higher water level than does the 
100-year event during 60 percent of the high tide cycles resulting in greater 
overtopping for the 50-year storm. Relatedly, Figure 70 depicts similar data 
for the February 1978 50- and 100-year storm events. Figure 70 shows a 
different hydrograph shape from Figure 69 with the 50-year sub-peaks below 
the level where overtopping initiates. Comparison of the two events 
(November 1945 and February 1978) shows the effect of storm hydrograph 
shape on the prediction of overtopping. It is noted that all other storms in the 
data set of equal or lesser return period contained only one significant storm 
peak that resulted in overtopping. Therefore, trends in overtopping volumes 
were dependent upon only one storm peak, which, given the method of rank- 
ing events, creates what is assumed to be the appropriate trend in overtopping 
rates (i.e., 100-year volume greater than 50-year volume). The November 
1945 storm results in an apparent reversal in overtopping trends; however, it 
is again important to mention that storm return periods based solely on total 
peak water level are not totally indicative of storm severity due to the effects 
of other storm parameters not represented. 

Despite the discussed difficulties associated with the analyses conducted 
within this study, it is anticipated that results provide for significant 
improvements over any previous results and any other potential types of 
analyses. This study presents an innovative method in the prediction of 
overtopping with the incorporation of both numerical and physical models and 

Chapter 5 Assessment of Storm-Induced Overtopping 



Figure 69 .  November 1945 (50- and 100-year): Water levels and predicted 
overtopping rates 

30- l o o - y e a r  l e v e l  ( f t .  MLW + 1 0 1  

5 0 - y e a r  l e v e l  ( f t .  MLW 1 0 )  - 1 0 0 - y e a r  r a t e ( c f s 1 f t  x 1 0 0 )  

5 0 - y e a r  r a t e  ( c f s l f t  ~ 1 0 0 )  

25 - 

5  

0  

Figure 70. February 1978 (50- and 100-year): Water levels and predicted 
overtopping rates 
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actual physical data available to validate the work completed. For instance, 
SBEACH results were fully evaluated considering the Halloween storm data 
set and physical model and numerical simulation overtopping volumes were 
verified with the data available from the Great Blizzard. Site-specific data, no 
matter the limitations, provide verification for the broad range of analyses 
conducted, allow for relatively high confidence in study output, identify 
difficulties, and indicate where caution is necessary. 

Indicative of the output contained in Appendix B and the success of the 
study in producing consistent and accurate overtopping volumes are the plots 
depicting the expected value and 90-percent confidence limit lines Figures 71- 
75). An analysis of confidence intervals provides additional information about 
the frequency of occurrence'of different overtopping volumes in light of the 
fact that the frequencies are defined solely on maximum total water level and 
other parameters such as duration and hydrograph shape are important in 
determining overtopping. Shown are results for each individual tidal flood 
zone with overtopping volumes plotted against storm return periods. Confi- 
dence limits were calculated based upon the entire data set; therefore, it is 
anticipated that the sole 500-year event may not be the expected overtopping 
that occurs with this frequency. Additionally, the SPN event is not included 
due to an undefined return period. Results for tidal flood zone 4C are not 
shown because no overtopping was predicted. Interpretation of the confidence 
limits assumes a comprehensive database sufficient enough to fully envelope 
all expected overtopping conditions. The expected values and the mean confi- 
dence level may be used to represent the probable overtopping volume expec- 
ted to occur for a given storm return period. The upper and lower confidence 
limits bracket the range over which overtopping volumes may be expected to 
occur, with 90-percent confidence. Realizing the limits of the conducted 
analysis, the range between the 90-percent confidence lines may be taken as 
indicative of the uncertainty associated with a limited storm series and 
innovative methodology in predicting overtopping. Also, imbedded in the 
confidence interval are the overtopping conditions falling outside the applica- 
bility limits of the ROTM. Results indicate that the 50-year overtopping 
volumes are well grouped with the exception of one storm, the previously 
discussed November 1945 50-year storm. This suggests that, given the limits 
of the storm set, it is possible to infer that this event was erroneously labeled 
a 50-year event and should instead be considered as a lower frequency storm 
(if overtopping volume frequency is used to determine storm return period). 
Furthermore, the spread in output data is evident with increasing storm 
severity, which points to the difficulties associated with labeling more extreme 
events due to limited amounts of data and difficulties associated with modeling 
such events. 

Further evaluation of the ROTM and project site was conducted using addi- 
tional overtopping simulation input. Three cases were tested: (a) Halloween 
storm data set utilizing Halloween pre-storm profiles and Halloween storm 
parameters; (b) 1978 profile data simulated using storm data from the Great 
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Figure 71 . Predicted overtopping confidence intervals (Tidal Flood Zone 1) 
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Figure 72. Predicted overtopping confidence intervals (Tidal Flood Zone 2A) 
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Figure 73. Predicted overtopping confidence intervals (Tidal Flood Zone 4A) 
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Figure 74. Predicted overtopping confidence intervals (Tidal Flood Zone 58) 
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Figure 75. Predicted overtopping confidence intervals (Tidal Flood Zone PP) 
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is rather moderate (in comparison with Great Blizzard overtopping volumes) 
and Table D l  agrees reasonably well with actual overtopping occurring during 
the storm. Output for the Great Blizzard shows negligible differences for the 
two approaches (Tables D3 and D4). This result indicates that conditions 
tested in the physical model closely approximated the conditions of the Great 
Blizzard (February 1978 50-year event is very similar to the Great Blizzard) 
for Profile 2. Examining other profiles indicates difficulties due to extrapola- 
ting the capabilities of the regression equations. Overall, agreement between 
predicted and measured Great Blizzard overtopping is questionable at profiles 
other than Profile 2,  for which the physical model was verified, and results 
due to the failure to model multiple profile conditions in the laboratory. 
Lastly, the post-Halloween storm vulnerability of the project site was 
evaluated. The ROTM output shown in Table D5 indicates that a high level 
of protection was in place following the Halloween storm, and suggests that 
overtopping utilizing the Halloween data set is likely best represented by the 
strict ROTM (Table Dl ) ,  because of an increase in confidence in Table D5 
results due to the testing of all five Revere Beach profiles used in the ROTM 
simulations. 

The CENED also requested testing of a worst-case condition. A simulation 
was conducted with the defined worst-case overtopping condition, 1978 profile 
data and the November 1945 SPN storm. Results of this procedure are given 
in Appendix D. Table D6 depicts results obtained from the ROTM, and 
indicates extremely high overtopping volumes. It is noted that the ROTM was 
not developed beyond the limits of the broken waves condition, and that the 
worst-case simulation utilized the weir flow submodule for a high majority of 
the overtopping volumes shown. It is suggested that these results be 
neglected, because they represent an extreme "stretch" of the capabilities of 
the ROTM. 

A physical model study of the worst-case overtopping condition was under- 
taken based upon the inability to apply the existing ROTM with much con- 
fidence to these extreme conditions. The worst-case developed ROTM made 
use of specific worst-case data (1978 profile and SPN storm), calibration data 
(1978 profile and Great Blizzard storm), and broken waves data (1978 profile 
and storm data shown in Table 7). These data consist of water levels above 
the beachlseawall intersection, and overlap the broken waves and weir flow 
conditions. It was anticipated that an ROTM designed for a broad range of 
applications (utilizing the 1978 profile), with the capability to extrapolate to 
extreme conditions, would be produced. Application difficulties arose due to 
the limited number of different combinations of seawall crest elevation and 
profile shape that were modeled. The worst-case overtopping data and result- 
ing regression equation proved highly sensitive to profile shapes, crest 
elevations, and input conditions (waves and water levels) during ROTM 
simulations. Results are presented in Table D7. 

Chapter 5 Assessment of Storm-Induced Overtopping 



Table D7 depicts intuitively incorrect maximum overtopping rates for some 
of the overtopping conditions; however, these rates represent a "snapshot" in 
time which is potentially not representative of actual overtopping conditions 
due to an anomaly in the regression results. As an example, at Profile 2, the 
22.5- and 22.9-ft seawall crest elevations are estimated to yield higher maxi- 
mum overtopping rates than are the 20.9- and 21.3-ft crest elevations. It 
might be more useful to consider time-averaged overtopping rates associated 
with a given time interval (e.g., average rate over the duration of a tidal cycle 
or rate extrapolated to the duration of the storm). However, it is also impor- 
tant to consider the total overtopping volumes for a given section of wall, in 
relation to total overtopping for a given profile reach. Even though the maxi- 
mum overtopping rate for a higher wall section may be greater than the rate 
for a slightly lower section, the total volume overtopping the higher wall may 
be much less than that overtopping the lower sections. This is the case for the 
24.94 section of wall backing the Profile 3 reach. 

Results reasonably well represented by the physical model do provide 
useful information. Considering the same example discussed above, the 20.9- 
and 21.34 crest elevation conditions for Profile 2 were well represented in 
the physical model. The higher maximum overtopping rate for the 21 .34  
condition is likely a result of the sensitivity of the regression equation to slight 
variations in input, with the overtopping volumes and average overtopping 
rates over the duration of the storm appearing reasonable. If these values are 
considered quality data, then estimates for higher wall elevations can be 
derived from these results by considering quality results as conservative pre- 
dictions or extrapolating overtopping volumes or rates using volumes and rates 
for conditions that were well represented in the physical model tests. At other 
profiles, results may be interpreted in a similar manner by utilizing what is 
labeled as reasonably well represented conditions. Asterisks in Table D7 
indicate which conditions are believed to be higher quality data. Note that 
conclusions at profiles other than Profile 2 are based upon seawall crest 
elevations, profile shape (elevation of seawallheach intersection), project site 
overtopping characteristics, and engineering judgement. For instance, confi- 
dence in the Profile 3121.44 overtopping condition stems from characteristic 
similarities to the physically modeled conditions and engineering judgement. 
Specifically, conclusions concerning the reliability of this estimate result from: 
(a) the 21 .44  seawall crest elevation is similar to that tested; (b) the over- 
topping volume of 109 acre-ft and rate of 0.25 cfslft are reasonable consider- 
ing the overtopping history at Profile 3, which historically experiences little if 
any overtopping; and (c) the consistency of the overtopping predictions along 
the Profile 3 reach. It is suggested that these types of considerations be 
applied when interpreting any regression results, especially for overtopping 
conditions not well represented by the ROTM. 

Lastly, CENED required overtopping volumes occurring during the maxi- 
mum high water cycle. The simultaneous occurrence of a storm surge and a 
high tide cycle often determines the severity of the storm, and utilization of 
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the ROTM and SBEACH allows for the numerical simulation of these events. 
Assuming the flood retention structures drain during low water time periods 
when overtopping does not occur, design may be conducted using only over- 
topping during a single high water cycle. Appendix E presents the peak over- 
topping volumes predicted at the peak storm condition of each event consid- 
ered herein. Comparison of the data in Appendix B and Appendix E shows 
that a large majority of the storms resulted in a significant percentage of total 
overtopping during a single time span. Only the extreme events and a few 
other exceptions produced multiple occurrences of overtopping at different 
high water conditions and few storms had less than 50 percent of the total 
overtopping occurring at the peak storm condition. The November 1945 
50-year event proved a consistent exception to this rule where this is indica- 
tive of the influence of the sub-peaks as discussed. Overall, it appears that 
storm events may be characterized by one extreme water level with caution 
noted concerning the shape of the hydrograph with regards to storm duration 
and effectiveness of storm sub-peaks in producing overtopping and possibly 
beach recession. 

ROTM results 

Evaluation of proposed flood mitigation and retention structures has been 
completed through the application of the developed ROTM. Numerous 
difficulties were encountered during numerical modeling of a wide range of 
overtopping conditions, because of the highly complex nature of overtopping 
processes. Seawall height, profile shape, wave period, storm hydrograph 
shape, and physical model scale were just a few of the items that presented the 
analyses with difficulties at some point during the study. However, as stated, 
it is anticipated that results provide for significant improvements over any 
previous results and any other potential types of analyses. 

Dune optimization and profile response simulations were conducted with a 
partially verified SBEACH, and yielded a broad range of anticipated profile 
responses. Within the limits of tested ranges, using different calibration 
parameters, the tested dune system (23-ft mlw dune crest) proved highly resis- 
tant to erosion, and, subsequently, overtopping. ROTM simulations supported 
profile response results with little or no overtopping predicted when subjected 
to the wave and water level database. The dune overtopping submodule is 
unproven; however, it is based upon accepted methodologies and is intuitively 
realistic. 

Existing profile condition simulations using the ROTM depended upon the 
physical model tests of overtopping for the bore runup condition. The full 
range of overtopping was tested at Profiles 1-5 for the SPN storm. Different 
storm events were not tested and wave period was excluded from the regres- 
sion due to a constant value during the peak of the SPN. Results for these 
simulations proved qualitatively correct with simple explanations for apparent 
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ROTM difficulties. Modeling of the range of overtopping allowed for strict 
application of the regression to each profile during every storm event. Results 
shown in Tables Bl-B50 represent the output of these simulations. 

Application of the revetment submodule at Profile 6 proved difficult for the 
November 1945 SPN, 500- and 100-year events. Portions of these three 
storms, due to combinations of large wave heights and periods, exceeded the 
applicability range of the revetment regression equation resulting in excessive 
overtopping rates. It is not possible to estimate the quality of these predic- 
tions except that it is suggested these extremes only be used as conservative 
estimates of expected overtopping. Input parameters met with regression 
criteria at approximately the 50-year storm. 

Alternative overtopping predictions (Appendix D) contained a number of 
different storm and profile combinations. Halloween storm overtopping 
predictions appeared to be modeled moderately well with the "strict" ROTM 
resulting in reasonable overtopping volumes in comparison to actual over- 
topping. Testing the Halloween storm with present profile conditions 
indicated that a high level of flood protection remained present along Revere 
Beach. At Profile 6, there exists a lower amount of flood protection, but 
likely similar to that of the pre-Halloween storm profile. Physical modeling 
of the broken waves condition generated a site-specific regression equation 
that was used to predict overtopping during the Great Blizzard. Application 
of a "strict" and "relaxed" ROTM suggested that predictions for the Great 
Blizzard were reasonably accurate when applied to conditions modeled in the 
laboratory, but questions arose when the ROTM failed to agree with measured 
Great Blizzard overtopping volumes at profiles other than the tested profile, 
Profile 2. Overall, results support the previous conclusion that conditions 
represented by the physical model would produce improved overtopping pre- 
dictions, whereas conditions resulting from extrapolation of the regression 
equations would create output ofuncertain accuracy. 

Modeling of the worst-case condition was limited due to time and physical 
model scale restraints. Results provide high-end overtopping volumes which 
are considered conservative due to the physical model setup with a low sea- 
wall elevation and highly eroded beach. 
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Summary and Conclusions 

Investigation of coastal processes at Revere Beach and POP has proven to 
be a challenging endeavor due to varying wave and beach characteristics along 
the project site. Longshore variations of longshore sand transport present 
during the Halloween storm and presumably other storms limit applicability of 
the cross-shore profile response model SBEACH to this site. Confidence in 
SBEACH predictions is greater at POP than along Revere Beach. Calibration 
and verification of the original ROTM was limited by available data sets. 
However, some model results were substantiated with field observations. 
Physical model tests provided an opportunity to study site-specific runup and 
overtopping processes. Results and intuitive analyses have indicated improved 
capabilities in predicting overtopping for a majority of cases, but some are 
limited by the inability to test all conditions. 

Despite the complexities of coastal processes at the project site, it is 
anticipated that design of flood protection structures will be greatly augmented 
by study findings. Results have strongly indicated potential flood protection 
benefits associated with a coarse-grained beach fill at Revere Beach and POP. 
Observations of beach stability and minimal seawall overtopping during the 
Halloween storm substantiate modeling results at Revere Beach. Dune optimi- 
zation and profile response simulations along POP have indicated potential 
benefits of a dune system for flood protection, with minor predicted erosion 
and overtopping levels indicating advantages over the proposed revetment. 
The revetment design provided significant flood protection at or near the 
50-year return period level. Results for low frequency November 1945 
storms are less certain due to limitations of the applied revetment equation. 
Revetment and dune simulation results in response to the wave and water level 
database show a coarse-grained beachldune system at POP to be extremely 
effective. 

The developed ROTM, using data from a series of physical model tests, 
allowed the evaluation of a number of flood protection designs for a large 
number of storm events. Simulations indicated that few storm events result in 
potential flooding problems, with storms based on the November 1945 event 
proving to be most severe. Overall, it appears that a high level of flood 
protection is currently present at Revere Beach which has been substantiated 
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in response to two major storm events, and is possible at POP through 
implementation of either a coarse-grained dunelberm system or through 
construction of a combination of revetment and beach fill. A number of 
uncertainties are embedded within the development of the ROTM regression 
equations, thus results must be analyzed cautiously. However, given the 
utilization of extreme events (SPN and February 1978 100-year storm) in the 
physical model study, it is anticipated that a level of conservatism has been 
built into the ROTM. It is noted that the level of conservatism is limited by 
the exclusion of wind effects and beach profile response in the physical study, 
both of which could prove important in determining project flooding under 
certain conditions. 

Consideration should be given to the construction of a full dune system of 
constant elevation at POP. Assuming a design storm with a 100-year return 
period and possibly higher, it is evident from the results that dunes of the 
design suggested with coarse-grain size (0.49 mm) are resistant and would 
experience minor damages. Additionally, total project site analyses indicate a 
buffering of the beach at POP with introduction of material from the updrift 
beaches and a lack of substantial offshore movement associated with the 
typical severe storm events as indicated by profile response simulations. The 
dune system at POP has historically proven effective, but it remains totally 
dependent upon the condition to which it is maintained, and results discussed 
herein are likely negated by failure to sustain a beachldune at or near design 
conditions. 

Finally, total study results represent an innovative methodology to predict 
flood protection capabilities for both hard and soft coastal structures. It is 
anticipated that the study could have been improved with more physical model 
studies and improved field data; however, the combination of physical, 
numerical, and field data provided a unique opportunity to study coastal 
processes. Results have been described as qualitative and should be taken 
with caution for some conditions. This information still provides valuable 
insight into project performance and capabilities. Therefore, it is anticipated 
that study results have clearly depicted the structural types and other measures 
necessary to provide the required level of protection along Revere Beach and 
POP. 

Concisely, the conclusions of Part I1 of the CERC study are: 

a. The existing Revere Beach coarse-grained beach fill (median grain size 
of 0.49 mm) appears extremely resistant to cross-shore erosion as 
observed for the Halloween Storm. 

b. The Halloween storm data set and SBEACH profile response predic- 
tions indicate that minor offshore losses of the coarse-grained material 
occur in response to even extreme storm events. 
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c. Sensitivity testing using SBEACH and the Halloween storm data set 
indicated that beach fill at Revere Beach and POP with median grain 
sizes above approximately 0.40 mm exhibits significantly higher erosive 
resistance compared to natural beach material (median grain size of 
0.21 mm). 

d. Longshore movement appeared to be a dominant process distributing 
sediment along Revere Beach and Point of Pines and aided in the 
buffering of the POP reach during the Halloween storm because of the 
predominant northerly transport at the site. 

e .  Longshore variations in longshore sediment transport during the 
Halloween storm limited calibration and verification of SBEACH, and 
analysis of cross-shore erosion along Revere Beach was hindered due to 
an assumed longshore gradient for all storms tested. Uniformity of 
longshore transport seemed to be better satisfied at Point of Pines, 
allowing profile response simulations to be completed. 

f. Wave transformation in the lee of Nahant Peninsula is quite complex, 
and variations in wave height and direction have the most influence 
along the northern reach of Revere Beach in the vicinity of Carey 
Circle. 

g. The existing Revere Beach coarse-grained beach fill appears highly 
effective in mitigating overtopping of seawalls relative to pre-fill 
conditions. 

h. Bore runup overtopping conditions are dominant along Revere Beach 
for present profile conditions with the water levels associated with the 
storm data-base below the beach/seawall intersection elevations; bore 
runup conditions greatly reduce predicted overtopping volumes for the 
storm set. 

i. Broken waves overtopping conditions are dominant along Revere Beach 
for pre-fill profile conditions with water levels associated with the 
storm database above the beach/seawall intersection elevations; broken 
wave conditions greatly increase predicted overtopping volumes for the 
storm set relative to bore runup conditions. 

j .  Dune optimization indicated that properly maintained dunes with a crest 
width of 30 ft  or greater and a crest elevation of 21 ft  mlw (23 ft mlw 
near Carey Circle, Profile 6) or greater at Point of Pines are extremely 
resistant to erosion and overtopping associated with severe storms, 
including the SPN. 

k. The revetment design that was evaluated at Point of Pines with a crest 
elevation of 20.5 ft mlw appeared effective in mitigating overtopping 
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for all but the most extreme storms when fronted with a coarse-grained 
beach fill with a berm elevation of 10.5 ft mlw. 

1. In the absence of the protective beach fill, the revetment design that 
was evaluated at Point of Pines with a crest elevation of 20.5 ft mlw 
appeared effective in mitigating overtopping for only high frequency 
storms. 

m. Post-Halloween storm (November 1991) profiles along Revere Beach 
maintained a high level of flood protection according to simulations 
using post-storm profile data and the Halloween storm, which is 
indicative of the erosive resistance of the coarse-grained fill. 
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Appendix A 
Physical Model Testing of 
Overtopping 

Overview 

Physical model tests were initiated midway into the U.S. Army Engineer 
Waterways Experiment Station's Coastal Engineering Research Center 
(CERC) Part I1 study to provide the U.S. Army Engineer Division, New 
England (CENED) overtopping volumes due to a design storm event (the 
Standard Project Northeaster (SPN)), as well as to provide data with which to 
further refine the runup and overtopping module (ROTM). The physical 
modeling pertinent to the study discussed herein was divided into three tasks. 

a. Verify numerical model provided input data and physical models using 
overtopping volumes inferred from high water marks surveyed in a 
ponding area due to the "Great Blizzard" of 1978, using February 
1978 profile data. 

b. Measure the total overtopping volume using SPN waves and water 
levels, and post-fill, post-Halloween storm profile data (dated 
27 November 1991). This task also provided information with which 
to refine the bore runup submodule of the ROTM. 

c. Measure overtopping rates due to the broken waves overtopping con- 
dition (still water level (swl) above beach/seawall intersection and 
waves-such that weir flow over the seawall does not occur), using 
wave and water level data selected from the suite of 50 storms, and 
February 1978 profile data. 

A fourth task was added, as follows: 

d .  Measure overtopping rates due to a worst-case condition with mini- 
mum beach, and extreme wave and water level conditions (SPN storm 
with February 1978 profile data). 
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Wave and water level data used in the physical model tests were output 
from the Storm-Induced m c h  m a n g e  (SBEACH) profile response model at 
the physical model offshore boundary. This appendix discusses development 
of the physical model input data set, describes the facility and testing proce- 
dures, and presents regression equations applied in the ROTM. Descriptions 
of the facility and testing procedures presented in this appendix have been 
taken from Ward (1993). 

Facility 

Physical model tests were conducted in CERC's 150-ft-long by 1.5-ft-wide 
by 3.0-ft-deep wave tank (" 18-in. flume") (Figure Al) and 150-ft-long by 
3.0-ft-wide by 3.0-ft-deep wave tank ("3-ft flume") (Figure A2). In both 
flumes, waves were generated by a piston-type wave board powered by an 
electro-hydraulic pump controlled by a computer-generated signal. The 18-in. 
flume had an existing 1:30 (V:H) concrete slope starting 60 ft from the wave 
board; the 3-ft flume had a 1:20 concrete slope starting 36 ft from the wave 
board and extending for 10 ft, followed by an approximately 1:100 slope. 

The models were built to a non-distorted linear scale of 1:20 
(mode1:prototype) for Task A and 1:30 for Tasks B, C, and D. Water that 
overtopped the seawalls during a physical model test was pumped into a rec- 
tangular catch basin at the conclusion of the test run. The change in elevation 
of the water in the catch basin was then measured with a point gauge and con- 
verted to a prototype overtopping rate in cubic feet per second per linear foot 
of prototype seawall (cfslft). For each set of tests, the cross-sectional area of 
the catch basin, width of the flume, time of model run, and scale factor were 
all constants. 

Testing 

Physical model verification (Task A) 

Overview. The purpose of Task A was to verify the physical model setup 
by reproducing overtopping volumes due to the February 1978 Great Blizzard. 
Surveys of high water marks in ponding areas provided an estimate of the 
total overtopping in tidal flood zone 2A (Table 9, Chapter 4 for tidal flood 
zone definitions), represented by Profile 2. Using wave and water level infor- 
mation from SBEACH, Task A attempted to reproduce the 1978 storm in the 
physical model to determine if overtopping measured in the model matched 
the estimated prototype overtopping volume. 
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Selection of test conditions. Wave height and period and swl were deter- 
mined for each hour during the selected storm at Profile 2 dated February 
1978 (Figure A3). Water level at the peak of the second tide cycle (27th 
hour) was selected to test the worst recorded conditions, a low water level was 
selected to allow estimation of the period of the storm in which overtopping 
could be neglected (approximately hours 13, 18, 25, and 30), and an interme- 
diate water level was selected to represent the rest of the storm (approximately 
hours 14, 16, 26, and 29). Each of the lower water levels selected was tested 
with wave conditions on the incoming and outgoing tides of both tide cycles. 
Storm hour, swl, wave height, and wave period are shown in Table A1 after 
shoaling in SBEACH to the approximate location of the wave generator 
(approximately 2,000 ft offshore). 

Because of the amount of time involved in changing water levels in the 
wave flume, a constant water level was used for the lower two conditions 
tested. The swl at hour 25 was chosen for the lowest water level (10.8 ft 
mean low water (rnlw)) and the swl at hour 16 was chosen for the next lowest 
water level (13.0 ft rnlw). Linear interpolation based on water level and two 
surrounding data points was used to adjust wave conditions to the selected 
points in the storm profile. For example, the swl at hour 13 was 10.5 ft mlw, 
and 13.5 ft at hour 14. Linear interpolation determined that the test condi- 
tions of 10.8 ft rnlw and 13.0 ft rnlw occurred at hours 13.27 and 13.83, 
respectively. Using the same interpolation for wave height and wave period 
yielded the interpolated results shown in Table Al .  

Physical model tests were conducted with irregular waves following the 
TMA spectrum (Hughes 1984), which is a shallow-water modification of the 
JONSWAP spectrum (Hassellman et al. 1973). Wave heights and periods 
were obtained from SBEACH at the approximate location of the wave genera- 
tor. Wave information input to SBEACH is random, but is transformed using 
monchromatic wave theory. Wave height and period output from SBEACH 
were taken to represent the zeroth moment H,, and the peak spectral period 
T, for the wave spectra. 

Physical model tests were conducted for 30 min for each of the four test 
conditions at each of the two lower water levels (10.8 and 13.0 ft rnlw). Due 
to the small amount of overtopping at these water levels, the water level in the 
flume did not decrease appreciably during the tests. .During tests at the high- 
est water level (hour 27), test runs were limited to 2 min each to allow the 
overtopped water to be added back into the flume to maintain the desired 
water level. Ten independent 2-min runs were conducted at the highest water 
level. 

After completing the test series, a revised estimate of input test conditions 
was determined to better represent actual overtopping conditions and the storm 
profile was retested with the new information. Wave conditions and water 
levels for the second set of tests are shown in Table A2. Note that hours 15 
and 28 were added to the second set of tests to more accurately reflect the 
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storm profile. Results of only the second set of tests were used to calculate 
overtopping during the storm. 

For the second set of tests, the swl at hour 30 was chosen for the lowest 
water level (1 1.0 ft mlw), and the swl at hour 14 was chosen for the next 
lower water level (13.2 ft mlw). Similar to the first set of tests, linear inter- 
polation was used to determine the time at which the swl to be tested occurred 
and the wave height and period at that time. Test conditions are shown in 
Table A2. 

Because of time restraints imposed by having to rerun the storm profile, 
the second set of tests was reduced to one 20-min run at each of the four test 
conditions at the lowest water level (11.0 ft rnlw), two 10-min runs at each of 
the test conditions at the next lower water level (13.2 ft rnlw), and five 2-min 
runs at each of the three highest water levels. As in the earlier set of tests, 
multiple runs of short duration were used at the highest water levels to allow 
the overtopped water to be returned to the flume to maintain the swl. 

The existing 1:30 concrete slope in the 18-in. flume did not match the 
beach survey taken after the 1978 storm. Therefore, an entirely new profile 
was constructed and installed seaward of the existing concrete slope. An 
idealized profile was determined by matching a series of straight lines to the 
actual profile as closely as possible, including a horizontal line to use as the 
flume bottom. The actual profile and the idealized profile are shown in 
Figure A4. 

With the depth at the flume bottom determined, model scale was estab- 
lished by limitations of the wave generator. The wave generator was unable 
to generate the required signals at scales larger than 1:20; therefore the model 
was constructed at a 1:20 scale. The idealized profile was constructed of ply- 
wood and placed in the wave flume over the concrete slope. When the slope 
was within 0.75 in. of the flume bottom (thickness of the plywood), 20-gauge 
sheet metal was used to extend the slope to the bottom of the flume. A verti- 
cal seawall was placed at the top of the plywood slope. Water overtopping 
the seawall accumulated behind the seawall and was pumped into a separate 
canister for accurate measurement of the overtopping quantity at the end of 
each test run. 

Prototype overtopping rates for the first set of conditions tested are listed 
in Table A l ;  overtopping rates for the repeated storm profile are listed in 
Table A3. To determine total overtopping during the storm, it was assumed 
that the overtopping rate determined for a given point in the storm profile was 
constant over the time period extending from halfway between the given point 
and the preceding point to halfway between the given point and the following 
point. Because data were available at every 1-hr interval of the storm, over- 
topping rates at the first and last points tested were assumed to exist for one- 
half hour before and after the point tested, respectively. Multiplying the 
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overtopping rate for a tested point in the storm profile by the length of time 
the storm was assumed constant at those conditions yielded the volume of 
overtopping for that test per foot of seawall, and multiplying by the length of 
seawall contributing to the flood zone yielded the total volume of overtopping 
over the seawall for the time period that was tested. For this series of tests, it 
was determined that 3,890 ft of seawall would contribute to the flood zone. 
Overtopping rates and volume for each hour of the storm are shown in 
Table A3. 

Based on surveys of high-water marks, CENED calculated that about 
600 acre-ft of water overtopped the seawall during the 1978 storm. The 
physical model test showed a total overtopping of 773 acre-ft, or roughly 
29 percent higher than the surveys had indicated. Due to uncertainties in the 
surveyed results, physical model tests, and representation of the flood zone 
with a single seawall height and profile, test results were considered to be 
very close to the predicted results. Thus, the physical model and methodolo- 
gy used to obtain the input data (i.e., from the numerical model) were consid- 
ered validated. 

Bore Runup (Task B) 

The purpose of Task B was to determine total overtopping for the SPN for 
the beach profiles surveyed in November 1991 (after the beachfill project, and 
post-Halloween storm), and to generate a database for development of a bore 
runup submodule. Using wave data and survey data output from SBEACH, 
Task B reproduced the five beach profiles located along Revere Beach and 
subjected them to the design storm event. Overtopping was measured for 
each profile at each hour of the storm tested. 

The SPN was based on storm waves and water levels that occurred in 
November 1945 with 1 ft added to the swl throughout the storm. The SPN 
storm used as input to SBEACH is shown in Figure A5. Conditions to be 
tested were selected from the storm profile to include the worst conditions that 
occurred during the storm (hour 30) plus conditions at two lower water levels 
during both tide cycles shown in the storm profile (hours 27, 33, 40, and 45 
for the lowest water level and hours 28, 32, and 43 for the higher water 
level). However, the beachfill reduced the overtopping to such an extent that 
the lowest water level was not producing overtopping; therefore, additional 
points from the peaks of the tide cycles were selected for testing. As in Task 
A, linear interpolation was used where possible to adjust wave heights and 
periods to maintain a constant swl for tests of the incoming and outgoing tides 
in both tide cycles. Test conditions and the approximate hour of the storm 
represented are listed in Table A4 after shoaling in SBEACH to the approxi- 
mate location of the wave generator. 

Beach profiles 1, 3, 4, and 5 were reproduced in the 18-in. flume at a 
nondistorted scale of 1:30. Examination of the beach surveys taken in 1991 
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indicated portions of the profiles could be represented by the existing 1:30 
concrete slope in the wave flume and the flat bottom of the flume. Shoreward 
of the 1:30 slope, sheet metal was used to reproduce the steeper portion of the 
beach profile. A vertical seawall was placed at the top of the slope, and water 
overtopping the seawall was collected and measured to determine the over- 
topping rates. Surveyed profiles and the model representations of Profiles 1, 
3, 4, and 5 are shown in Figures A6 through A9, respectively. 

Seawall elevations varied over the reach represented by each profile. A 
representative seawall height was selected for each profile, with two represen- 
tative seawall heights selected for Profile 1. Representative seawall elevations 
were determined by a weighted average, based on wall length associated with 
each elevation and likelihood of contributing significantly to overtopping along 
the reach. In certain cases, higher wall elevations were neglected, due to the 
minor overtopping contribution at that location. Selected seawall elevations 
are listed in Table A5. 

Beach surveys started at the foot of the seawall, and the elevation at the 
foot of the seawall was reproduced in all model profiles except Profile 1. The 
beach surveyed at Profile 1 measured an elevation of +21.0 ft mlw at the 
base of the seawall with a seawall crest elevation reported at +21.4 ft rnlw 
providing a freeboard of 0.4 ft. However, selected representative seawall 
elevations for that segment of Revere Beach were +20.7 ft rnlw and + 19.8 f t  
mlw, both of which are lower than the beach survey. Because the reaches 
represented by both seawall elevations were significant, it was decided to 
conduct the Profile 1 test series twice, with one complete set at a seawall 
elevation of + 19.8 ft mlw and one complete set at a seawall elevation of 
+20.7 ft mlw. The profile was modeled such that the beach slope extended 
to an elevation of + 19.4 ft rnlw and then remained at a constant elevation 
until reaching the seawall, reproducing a freeboard of 0.4 ft. For the second 
set of tests, the same slope was used to an elevation of + 19.4 ft mlw, then an 
extension was added to continue the slope to an elevation of +20.3 ft  mlw, 
again providing a freeboard of 0.4 ft. 

The wave generator in the 18-in. flume was unable to reproduce the wave 
conditions at Profile 2 at a 1:30 scale. Rather than change to a smaller scale, 
Profile 2 was reproduced at a 1:30 scale in the 3-ft flume. Similar to the 
18-in. flume, the existing 1:20 slope in the 3-ft flume was matched to a por- 
tion of the surveyed profile, and the steeper profile shoreward of the 1:20 
slope was constructed of sheet metal. Surveyed and idealized profiles for 
Profile 2 are illustrated in Figure A10. 

Overtopping rates per linear foot of prototype seawall for each profile and 
each hour of the storm that had measurable overtopping are shown in 
Table A6. Physical model tests were not conducted on Profile 5 at hour 31, 
or Profiles 3 and 4 at hour 42. Volumes listed in Table A6 for these tests 
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were obtained by multiple regression analysis using the other results listed in 
Table A6. 

Storm conditions for the SPN are considerably worse than during the 1978 
storm, with greater water depths and wave heights and longer wave periods. 
Overtopping rates, however, were considerably less, attesting to the incidental 
effectiveness of the beach fill. Overtopping rates measured in the wave flume 
for Profile 3 were surprisingly low, but incident wave heights for Profile 3 
were lower than for the other profiles. NED confirmed that in the prototype, 
overtopping rates at Profile 3 were lower than at the other profiles, and the 
general trends observed in the wave flume agreed with observations made in 
the prototype. 

Broken waves (Task C) 

The purpose of Task C was to reproduce a selected set of conditions pres- 
ent in the suite of 50 storms to obtain data to calibrate the ROTM for the 
broken waves subroutine. Overtopping due to broken waves was defined to 
occur when the swl was above the beach/seawall intersection, and waves were 
below the level initiating weir flow. Storm conditions that were expected to 
produce overtopping from broken waves runup were selected from the suite of 
50 storms as described in Chapter 4. All tests were conducted on the model 
of the 1978 survey of Profile 2 in the 18-in. flume. 

Conditions selected for testing are listed in Table A7 as Tests 1 through 
30, and correspond to the storms listed in Table 15, Chapter 4. The selected 
tests were separated into groups with similar water depths to allow multiple 
tests to be conducted without changing water level in the wave flume. Table 
A7 also lists the actual test conditions used. The wave generator in the 18-in. 
flume was unable to produce the wave conditions for tests 1 and 6; therefore, 
these tests were eliminated from the test series. Tests 25 and 26 were identi- 
cal after adjusting the water level; therefore, test 26 was deleted. The remain- 
ing tests were completed. 

It was desired to perform a multiple regression analysis on the results of 
the tests to obtain a relationship among overtopping rate, wave height, wave 
period, and swl. Eight additional tests were therefore conducted to provide a 
better range of test conditions on which to base the analysis. The additional 
test conditions are shown in Table A7 as tests 31-38, and were obtained from 
the selected storms described in Table 15, Chapter 4. 

Worst case (Task D) 

At the conclusion of Task C, storm conditions selected from the SPN were 
tested with the 1978 profile to provide data with which to develop an upward 
limit of overtopping for extreme conditions. Six conditions representing peak 
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hours of the storm were selected for testing. The wave generator in the 18-in. 
flume was unable to produce the wave heights at these conditions; therefore, 
the tests were conducted at the highest obtainable H,, for the given swl and 
T, . These conditions resulted in a combination of bore runup, broken waves, 
and weir flow conditions in the physical model, and represented the worst- 
case overtopping condition. Input to the worst-case overtopping condition 
study is given in Table A8. 

Development of Regression Equations 

Regression analyses were performed on combinations of results to deter- 
mine the required relationships between overtopping rates, swl, profile, struc- 
tural, and wave conditions. Dimensionless parameters were selected that were 
suitable for the numerical models for which the regression models were des- 
tined. The overtopping rate was presented as 

where Q is overtopping rate, [ = I  indicates the appropriate dimensional units, 
L is length, and T is time. Dimensional parameters affecting overtopping rate 
include the following: 

f l = l B  = L 
b [ = ] j ?  = L 
d [ = ] f i  = L 
H [ = ] f i  = L 
T [=I sec = T 

g [=]ft/sec2 = LT2 

where f is structure freeboard defined as height of the seawall crest above swl, 
b is beach freeboard defined as height of the beach at the base of the seawall 
above the swl, d is water depth at the flat bottom of the wave flume, H is 
wave height defined as the wave height at the approximate location of the 
wave generator in model flume tests and the wave height on which the physi- 
caI model tests were based, T is wave period, and g is gravitational accelera- 
tion. For the regression analysis, these dimensional parameters were com- 
bined to represent physically representative dimensionless variables, referred 
to as Buckingham PI terms. 

Dimensionless parameters that may also affect overtopping rates include: 

cot theta 
d/d2000 
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where cot theta is the cotangent of the beach slope (from the base of the sea- 
wall to the swl), and d2000 is the depth at a distance of 2,000 ft offshore. 
The ratio d/d2000 is therefore the ratio of the actual depth used in the flume 
to the depth where the wave heights were determined from the numerical 
model. Because input wave height and period were obtained from SBEACH 
at the approximate location of the wave generator (2,000 ft offshore from the 
seawall), it was thought that the difference in depths, d/d2000, could play a 
role in defining the overtopping rates. Because depths at 2,000 ft offshore 
varied somewhat throughout the storm due to sediment movement, variations 
in depth at 2,000 ft offshore were included in the analysis while the profile in 
the flume remained constant. 

Data collected in the physical model tests were converted to prototype scale 
for the regression analysis. Input data are shown in Tables A9 and A10 for 
bore runup, broken waves and worst case, respectively. Note that the last 
three lines in Table A9 give the input data for the three points in Table A6 
determined by regression analysis. 

Regression analysis was conducted on the dimensionless variable Q' , 
where Q' = Q/(g*$)'". Any negative overtopping rates predicted were set to 
zero, and results were converted to predicted dimensional overtopping rates. 
Model selection was then based on the sum of squares of the obsewed and 
predicted overtopping rates. 

Bore runup (Task B) 

Data input to the development of a regression equation for bore runup is 
given in Table A9. These data represent actual data implemented into the 
physical model and regression analysis, and measured overtopping rates used 
in the regression analysis. The regression relationship developed for bore 
runup is given by Equations 20 and 21 (see Chapter 4). This simple model 
provided a reasonable fit to the data and used only two dimensionless vari- 
ables, PI1 and PI5 (related to beach elevation and water depth). The exclu- 
sion of beach slope in this simplified model was probably due to the small 
range of the variable (14.0 to 19.5) and the relatively short distance that the 
slope was used in the wave flume. Wave period does not appear in the rela- 
tionship due to the constant value of this variable at the peak of the SPN. It 
seemed unreasonable to omit wave height (PI2) from the model, especially 
when a correlation analysis revealed that Q '  was more highly correlated with 
dimensionless wave height than any other single variable. However, there 
was a very high correlation between dimensionless wave height and dimen- 
sionless water depth (PI2 and PI5, 76 percent correlation), which was 
expected for depth-limited breaking waves, and effects of wave height were 
therefore reflected in PIS. 

This equation fit the dimensionless overtopping rates with a correlation 
coefficient of 0.969 (R2 = 0.939), and the sum of squares of differences 
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between the overtopping rates (dimensional) and measured overtopping was 
only 0.0796. There were 36 data points in the analysis; therefore, the average 
difference between calculated and measured overtopping was k0.0470 cfslft. 
It should be emphasized that regression models presented herein are only valid 
within the range of conditions tested. The range of variables used, both 
dimensional and nondimensional, is given in Table A1 1. 

Broken waves (Task C) 

Data used in the regression analysis for the broken waves overtopping 
condition are listed in Table A10. Data labelled as "Task C" were used 
solely for the regression relationship describing broken waves. The regression 
equation developed for the broken waves submodule is given by Equations 22 
and 23 (see Chapter 4). This model had a correlation coefficient for the 
dimensionless overtopping rates of 0.987 ( R2 = 973). Sum squares of the 
residuals of dimensional overtopping was 0.051 1 for the 35 tests, therefore the 
average error was +I- 0.382 cfslft. This model is only valid for the range of 
conditions tested. The range of variables, both dimensional and nondimen- 
sional, used in this analysis is given in Table A12. 

Worst-case (Task D) 

Table A10, data for Tasks A, C, and D, contains the database for the 
generation of the regression relationship used for the worst-case overtopping 
condition. The regression relationship representing the worst-case overtopping 
condition is as given by Equations 24 and 25 (see Chapter 4). This model had 
a correlation coefficient of 0.992 (R2 = 0.984). The sum of squares of differ- 
ences between predicted and measured dimensional overtopping rates was 
0.3106 which, for 40 data points, yielded an average difference of 
+ 0.072 cfslft. The range of variables, both dimensional and nondimensional, 
used in this analysis is given in Table A13. 

Discussion 

A major uncertainty in the physical model tests was the wave spectrum 
being tested. Wave information furnished for the storms consisted of wave 
height and period, obtained by shoaling representative random wave parame- 
ters using monochromatic wave transformation relationships. This represen- 
tative wave, after shoaling to the approximate distance offshore, was used to 
represent the peak period and height of the zeroth moment to reproduce a new 
spectrum. This would be accurate if the entire spectrum was shoaled to the 
same extent as the representative wave. In reality, each frequency in the inci- 
dent spectrum will shoal differently, and an entirely new spectrum will exist 
after shoaling. Although we have the capability of dividing the incident 
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spectrum into a number of bandwidths, shoaling each bandwidth individually 
through numerical model SBEACH, and then reassembling the shoaled spec- 
trum from the individual bandwidths, the procedure is time-consuming, not 
economically feasible, and other uncertainties in the prototype and physical 
model do not justify attempting such a level of precision. However, spectral 
shape has been described as less important for storm conditions inside of 
Broad Sound (Chapter 2); thus, the waves produced by SBEACH were 
deemed representative. This uncertainty applied to Tasks A, B, C, and D, 
and the net effect on overtopping rate caused by this approximation of the 
wave spectrum is unknown. 

With the 1978 profiles used in Tasks A, C, and D, there was considerable 
freeboard between the beach and seawall crest. Waves striking the seawall 
were forced into a vertical sheet of water and spray, frequently exceeding the 
height of the seawall. Because the motion was nearly vertical, much of this 
water fell back on the seaward side of the seawall in the flume, but wind 
effects may cause more of the water to overtop the seawall in the prototype. 

Wind effects on overtopping rates in Task B are expected to be minimal. 
Wind has two effects on seawall overtopping rates: modification of the wave 
runup on the beach, and blowing spray over the seawall. Modification of the 
wave runup has been calculated to have little effect on overtopping (Resiol). 
Due to the low freeboard between the 1991 beach profiles and seawall crest 
elevations, waves overtopping the seawall tended to flow over the wall in a 
bore rather than be deflected vertically as in Task A. Because the water 
movement was horizontal rather than vertical, wind effects are not expected to 
be significant. 

Due to high reflection coefficients from the high seawall freeboard in 
models of the 1978 profile, wave energy reflected from the seawall remained 
in the wave flume and increased the total energy in the flume. Avoiding this 
effect would require that each test run be terminated before energy reflected 
from the structure could reach the wave generator and return to the structure. 
Each test would then be on the order of 2 min, after which the testing would 
be halted until the energy in the flume had dissipated. A series of short tests 
would then be used to ensure that the entire wave spectrum was represented. 

Because of the low seawall freeboards and extended beach profiles com- 
pared to Task A, reflection coefficients for Tasks B, C, and D were small and 
reflected wave energy was not a significant factor in the tests. 

' Resio, D. T. (1987b). "Assessment of wind effects on wave overtopping of proposed Virgin- 
ia beach seawall," memorandum to Joan Pope, Coastal Engineering Research Center, 
Vicksburg, MS, from OCTI, Vicksburg, MS. 
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Figure A3. Great Blizzard storm profile 
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Figure A4.  Profile 2 ( 1  978) as reproduced in physical model 
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Figure A5. Standard Project Northeaster (SPN) storm profile 
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Figure A6. Profile 1 (November 1991 ) as reproduced in physical model 
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Table A 2  
Wave Data from SBEACH and Interpolated Wave Conditions 
Physical Model Verification (Second Test Series) 

lnterp 
Wave Ht 
(111 

SWL 
Tested 
(ft,rnlwl 

lnterp 
Wave Per 
(sac) Hour 

28 

29 

30 

3 1 

Wave 
Height 
(ft) 

SWL 
(ft,rnlw) 

Wave 
Period 
(set) 

14.7 

13.4 

11.0 

8.1 

7.7 

7.2 

6.3 

5.3 

13.0 

13.0 

13.0 

12.7 

14.8 

13.2 

1 1 .O 

t + *  

7.7 

7.1 

6.3 

t * +  

13.0 

13.0 

13.0 

+.* 



Table A3 
Verification of Physical Model Results (Second Test Series) 

Calculated 
Overtopping 

lnterp Begin End Total Sec- Overtopping Volumes 
Hour Hour Hour Hour onds (sec) Rate (cfslft) (acre-ft) 

STORM TOTAL 773.48 
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Table A 4  
Wave Data from SBEACH and Interpolated Wave Conditions 
Bore Runup Study 

- 

lnterp 
Wave Per 
(sec) 

lnterp 
Wave Ht 
(ft) 

Profile 5 

SWL 
Tested 
(ft,mlw) Hour 

lnterp 
Hour 

Wave 
Height 
(ft) 

SWL 
(ft,mlw) 

15.90 

15.90 

15.90 

15.90 

15.90 

Wave 
Period 
(secl 

27 

28 

29 

30 

3 1 

8.8 

9.1 

8.9 

8.7 

8.3 

10.0 

13.4 

15.9 

16.6 

15.0 

Hour 
SWL 
ift,mlw) 

15.9 

15.9 

15.9 

15.9 

15.9 

Profile 4 

27.00 

28.00 

29.00 

30.00 

31 .OO 

10.00 

13.40 

15.90 

16.60 

1 5.00 

27 

28 

29 

30 

3 1 

3 2 

3 3 

42 

43 

44 

45 

8.80 

9.10 

8.90 

8.70 

8.30 

Wave 
Height 
I f t )  

Wave 
Period 
(set) 

(Sheet 1 of 3) 

10.0 

13.4 

15.9 

16.6 

15.0 

13.2 

9.7 

13.9 

13.5 

11.8 

9.6 

lnterp 
Wave Per 
(sac) 

SWL 
Tested 
(ft,mlw) 

7.4 

7.9 

10.4 

7.1 

9.6 

7.7 

7.1 

9.9 

7 .O 

6.3 

7.5 

lnterp 
Hour 

lnterp 
Wave Ht 
(ft ) 

15.9 

15.9 

15.9 

15.9 

15.9 

15.9 

15.9 

15.9 

15.9 

15.9 

15.9 

10.00 

1 3.40 

15.90 

16.60 

15.00 

1 3.40 

10.00 

13.90 

13.40 

* I *  

10.00 

15.90 

15.90 

15.90 

15.90 

15.90 

15.90 

15.90 

1 5.90 

15.90 

15.90 

27.00 

28.00 

29.00 

30.00 

31.00 

31.89 

32.91 

42.00 

43.06 

* * *  

44.82 

7.40 

7.90 

10.40 

7.10 

9.60 

7.91 

7.15 

9.90 

6.96 

7.28 
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lnterp 
Wave Per 
(secl 

Profile 3 

4 5  1 9.6 1 15.9 1 10.00 1 44.82 1 * * *  ( 15.90 . 
(Sheet 2 of 3) 

Hour 
Wave 
Height 
(ft) 

SWL 
(ft.mlw) 

Wave 
Period 
(set) 

SWL 
Tested 
(ft,mlw) 

lnterp 
Hour 

lnterp 
Wave Ht 
(ft) 
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Table A5 
Representative Seawall Crest Elevations 

Profile No. 

1 a 

I b  

2 

3 

4 

5 

Crest Elevation (ft,mlw) 

19.8 

20.7 

21.3 

20.6 

20.3 

20.4 



Appendix A Physical Model Testing of Overtopping 



Appendix A Physical Model Testing of Overtopping 

Table A6 (Concluded) 

Over-topping 
Volume (cflft) Hour 

Profile l a  

Over-topping 
Rate (cfslftt lnterp Hour 

42 

43 

Begin Hour 

Determined by regression analysis 

42.00 

43.06 

End Hour 

41.50 

42.53 

Total Seconds 
(sect 

42.53 

43.50 

3706 

3494 

0.0396 

0.01 55 

147 

54 
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Table A9 
Bore Runup Regression Input 

Prof 
No. 

5 

5 

5 

3 29 15.9 17.37 4.5 15.9 20.5 18.2 0.01 68 15.5 -2.25 

3 30 16.6 18.07 4.4 15.9 20.5 18.2 0.021 5 15.5 -2.25 

3 3 2 13.4 14.87 4.4 15.9 20.5 18.2 0.0000 15.5 -2.25 

3 43 13.4 14.87 7 .O 15.9 20.5 18.2 0.0022 15.5 -2.23 

2 28 13.2 16.15 10.9 15.9 21.3 20.5 0.0079 16.0 -5.03 I 
2 29 15.9 18.85 12.0 15.9 21.3 20.5 0.2445 16.0 -5.02 1 
2 30 16.6 19.55 12.7 15.9 21.3 20.5 0.41 56 16.0 -5.02 

(Sheet 1 of 3) 

Storm 
Hour 

28 

29 

30 

Depth in 
Flume (ftl 

12.23 

14.73 

15.43 

SWL (ft,mlwl 

13.4 

15.9 

16.6 

Wave Per 
(sec) 

15.9 

15.9 

15.9 

Wave 
Ht (ft) 

9.1 

8.9 

8.7 

Seawall Crest 
Elev (ft.mlw) 

20.4 

20.4 

20.4 

Base of Seawall 
(ft,mlw) 

19.1 

19.1 

19.1 

Overtopping 
Rate (cfslft) 

0.0000 

0.1947 

0.3928 

Cotan 
Beach 
Slope 

14.5 

14.5 

14.5 

Elev at 
2000 ft 
Offshore 
(ft) 

-1 .40  

-1.40 

-1.40 



Table A9 

(Sheet 2 of 3) 

Overtopping 
Rate (cfslft) 

0.0955 

0.0109 

0.0000 

0.01 50 

0.0043 

0.0336 

0.431 1 

0.8304 

0.2337 

0.0571 

0.0904 

0.0364 

0.0000 

0.021 5 

0.3105 

0.5093 

0.1 329 

Seawall Crest 
Elev (ft,mlw) 

20.7 

20.7 

20.7 

20.7 

20.7 

19.8 

19.8 

19.8 

19.8 

19.8 

19.8 

19.8 

19.8 

20.7 

20.7 

20.7 

20.7 

Wave Per 
(sac) 

15.9 

15.9 

15.9 

15.9 

15.9 

15.9 

15.9 

15.9 

15.9 

15.9 

15.9 

15.9 

15.9 

15.9 

15.9 

15.9 

15.9 

Base of Seawall 
(ft,mlw) 

20.5 

20.5 

20.5 

20.5 

20.5 

19.4 

19.4 

19.4 

19.4 

19.4 

19.4 

19.4 

19.4 

20.3 

20.3 

20.3 

20.3 

Cotan 
Beach 
Slope 

16.0 

16.0 

16.0 

16.0 

16.0 

14.0 

14.0 

14.0 

14.0 

14.0 

14.0 

14.0 

14.0 

14.0 

14.0 

14.0 

14.0 

Elev at 
2000 ft 
Offshore 
(ft) 

-5.02 

-5.02 

-5.02 

-5.04 

-5.04 

-5.42 

-5.41 

-5.41 

-5.41 

-5.41 

-5.45 

-5.45 

-5.45 

-5.42 

-5.41 

-5.41 

-5.41 

Depth in 
Flume (ftl 

17.95 

16.1 5 

12.95 

16.85 

16.15 

15.59 

1 8.09 

18.79 

17.19 

15.59 

16.09 

15.59 

12.19 

15.59 

18.09 

18.79 

17.19 

Regression Input 

SWL (ft,rnlw) 

15.0 

13.2 

10.0 

13.9 

13.2 

13.4 

15.9 

16.6 

15.0 

13.4 

13.9 

13.4 

10.0 

13.4 

15.9 

16.6 

15.0 

Bore 

Prof 
No. 

2 

2 

2 

2 

2 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

Wave 
Ht (ft) 

11.70 

10.95 

9.78 

8.30 

7.29 

9.10 

9.30 

8.70 

9.10 

9.01 

8.90 

8.15 

9.02 

9.10 

9.30 

8.70 

9.10 

Runup 

Storm 
Hour 

3 1 

3 2 

33 

42 

43 

28 

29 

30 

3 1 

3 2 

42 

43 

45 

28 

29 

30 

3 1 



& 
W 
0 

Table A 9  
Bore Runup Regression Input 

Prof 
No. 

1 

1 

1 

1 

5 

4 

3 

(Sheet 3 of 3) 

Storm 
Hour 

32 

42 

43 

45 

3 1 

42 

42 

SWL (ft,mlwl 

13.4 

13.9 

13.4 

10.0 

15.0 

13.9 

13.9 

Depth in 
Flume lftl 

15.59 

16.09 

15.59 

12.19 

13.83 

14.59 

15.37 

Wave 
Ht lftl 

9.01 

8.90 

8.15 

9.02 

8.30 

9.90 

7.30 

Wave Per 
lsecl 

15.9 

15.9 

15.9 

15.9 

15.9 

15.9 

15.9 

Seawall Crest 
Elev lft,mlwl 

20.7 

20.7 

20.7 

20.7 

20.4 

20.3 

20.5 

Base of Seawall 
lft,mlw) 

20.3 

20.3 

20.3 

20.3 

19.1 

19.1 

18.2 

Overtopping 
Rate (cfslft) 

0.0258 

0.0396 

0.01 55 

0.0000 

* * *  

I * *  

Cotan 
Beach 
Slope 

14.0 

14.0 

14.0 

14.0 

14.5 

19.5 

15.5 

Elev at 
2000 ft 
Offshore 
lftl 

-5.41 

-5.45 

-5.45 

-5.45 

-1.40 

-3.57 

-2.23 



Table A10 
Broken 

Task 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

(Sheet 1 of 4) 

Waves 

Prof No. 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

Input 

Wave Ht 
(ft) 

6.14 

6.99 

10.05 

5.99 

6.00 

6.76 

7.65 

6.79 

6.01 

6.35 

7.18 

10.80 

10.18 

6.39 

6.34 

7.09 

7.70 

and Worst-Case 

Survey Year 

1978 

1978 

1978 

1978 

1978 

1978 

1978 

1978 

1978 

1978 

1978 

1978 

1978 

1978 

1978 

1978 

1978 

Wave Per 
(sac) 

8.10 

8.60 

9.70 

1 1 .OO 

1 2.30 

12.60 

1 3.00 

1 3.00 

12.90 

8.25 

8.59 

9 .OO 

9.62 

10.45 

1 2.44 

12.74 

1 3 .OO 

Regression 

SWL (ft,mlw) 

10.82 

12.96 

12.96 

10.82 

10.82 

12.96 

15.40 

12.96 

10.82 

1 1 .OO 

13.15 

14.30 

13.15 

1 1 .OO 

1 1 .OO 

13.15 

14.75 

Seawall Crest 
Elev (ft,mlw) 

21 .O 

21 .O 

21 .O 

21 .O 

21 .O 

21 .O 

21 .O 

21 .O 

21 .O 

21 .O 

21 .O 

21 .O 

21 .O 

21 .O 

21 .O 

21 .O 

21 .O 

Base of Seawall 
(ft,mlw) 

9.2 

9.2 

9.2 

9.2 

9.2 

9.2 

9.2 

9.2 

9.2 

9.2 

9.2 

9.2 

9.2 

9.2 

9.2 

9.2 

9.2 

Cotan 
Beach 
Slope 

10.7 

10.7 

10.7 

10.7 

10.7 

10.7 

10.7 

10.7 

10.7 

10.7 

10.7 

10.7 

10.7 

10.7 

10.7 

10.7 

10.7 

Elev at 
Flume Bot- 
tom 
(ft,mlw) 

-3 .OO 

-3.00 

-3.00 

-3 .OO 

-3.00 

-3.00 

-3 .OO 

-3 .OO 

-3.00 

-3.00 

-3 .OO 

-3.00 

-3.00 

-3.00 

-3 .OO 

-3.00 

-3.00 

Overtopping 
Rate (cfslft) 

0.0066 

0.0643 

0.1 004 

0.0080 

0.0077 

0.0843 

1.3553 

0.0959 

0.0063 

0.0097 

0.0994 

0.5200 

0.1659 

0.01 03 

0.0100 

0.1 674 

0.8141 



Table A10 
Broken Waves and Worst-Case Regression Input 

Task 

A 

A 

A 

C 2 1978 13.10 7.80 1 2.00 21 .O 9.2 10.7 -3.00 0.2589 

(Sheet 2 of 4) 

Wave Ht. 

7.70 

7.1 1 

6.30 

Prof No. 

2 

2 

2 

Wave Per. 

13.00 

1 3.00 

1 3.00 

Survey Year 

1978 

1978 

1978 

Seawall Crest 
Elev 

21 .O 

21 .O 

21 .O 

SWL 

14.75 

13.15 

1 1 .OO 

Base of Sea- 
wall 

9.2 

9.2 

9.2 

Cotan 
Beach 
Slope 

10.7 

10.7 

10.7 

Elev at 
Flume 
Bottom 

-3 .OO 

-3 .OO 

-3 .OO 

Overtopping 
Rate 

0.81 41 

0.1359 

0.01 16 
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r 

Table A12 
Broken Wave Parameter Ranges 

Parameter 

SWL (ft,rnlw) 

Wave Height (ft) 

Wave Period (sec) 

Seawall Freeboard (ft) 

Beach Freeboard (ft) 

Overtopping Rate (cfslft) 

PI 1 

PI2 

PI3 

Minimum 

9.5 

3.1 

8.3 

6.1 

-5.7 

0 .0052 

0.8261 

0.3298 

36.8 

Maximum 

14.9 

1 1.7 

14.1 

11.5 

-0.3 

1.3553 

2.4426 

1.721 3 

133.3 
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Appendix B 
Overtopping Calculations 

The following tables contain overtopping volumes as calculated with the 
revised runup and overtopping module. The module has been updated to 
include regression equations as derived from a physical model study of 
predominant overtopping conditions along Revere Beach. The output obtained 
utilized the set of 50 storms previously described, and the 27 November 1991 
profile data. Note that calculations at Profiles 7 and 8 use a dune with a 23-43 
mean low water crest elevation, and the revetment design (with beach fill 
fronting the structure) at Profile 6. Overtopping calculations for a 2 3 4  dune 
at Profile 6 and the revetment design without a protective beach fill are 
located in Appendix C. Total overtopping volumes both for the project site 
(Table B1) and by tidal flood zone utilize the revetment design at Profile 6 as 
depicted in Tables B2-B51. 

Each table contains information describing a given overtopping configura- 
tion, and the corresponding calculated overtopping volume and maximum 
overtopping rate. The data listed are as follows: 

Storm identifier (i.e., NV45SPN = > November 1945 SPN event) 
Overtopping Reach: CB = > Crescent Beach 

PD = >  Park Dike area 
01  = > Oak Island area 

PA = > Ponding area1North Beach 
PP = > Point of Pines 

Profile: Profile used in the storm simulation . , 

Wall Height: Seawall elevation used in storm simulation 
Wall Length: Length of reach represented by overtopping condition 
Overtopping Volume (acre-ft) 
Maximum Overtopping Rate (cfslwall length) 

Included in Table B2 are markers (*) to indicate which of the site 
conditions were closely (or approximately) modeled in the physical study. 
Site conditions that were closely modeled should be expected to yield 
relatively reliable estimates of overtopping. Other situations not modeled 
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(i.e., significantly different seawall elevations) should be considered cautiously 
as described previously. Each of these conditions can be used for the 
remainder of the tables (B3-BSl), which contain the same structural and 
profile conditions, but for different storm events. 
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Appendix B Overtopping Calculations 

. 
Total Overtopping Volumes 

Tidal Flood Zone 

1 

2A 

4A 

4C 

5 B 

PP 

Flood Zone Length (ft) 

2355 

3890 

2035 

1360 

4570 

3040 

Overtopping Volumes (acre-ft) 

114 

241 

99 

0 

156 

978 
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Table B 5  
Storm: NV4550 

Overtopping 
Reach Profile 

CB 1 

Overtopping 
Rate 
(cfslftl 

Wall Height Wall Length 

23.8 525 

Overtopping 
Volume 
(acre-ft) 

0 

2 6 
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L 

Appendix B Overtopping Calculations 

Total Overtopping Volumes I 

Table B7  

Overtopping Volumes (acre-ft) 

4 

60 

36 

0 

3 3 

15 

Tidal Flood Zone 

1 

2A 

4A 

4C 

58 

PP 

Overtopping 
Rate 
(cfslft) 

0.00 

0.00 

0.07 

0.03 

0.00 

0.00 

0.07 

0.20 

0.20 

0.08 

0.00 

0.00 

0.00 

0.01 

0.01 

0.07 

0.07 

0 .OO 

0.1 6 

0.00 

0.00 

Flood Zone Length (ft) 

2355 

3890 

2035 

1360 

4570 

3040 

Overtopping 
Volume 
(acre-ft) 

0 

0 

4 

3 

0 

0 

24 

3 3 

12 

24 

0 

0 

0 

2 

2 

26 

3 

0 

15 

0 

O 1 

Wall Length 
(ft) 

525 

1430 

400 

865 

610 

570 

1515 

330 

115 

935 

420 

565 

1360 

870 

1090 

1480 

900 

230 

870 

900 

1270 I 

Wall Height 
fft) 

23.8 

20.7 

19.8 

20.9 

20.9 

22.9 

21.3 

22.5 

22.5 

21.4 

21.4 

24.9 

20.6 

20.4 

20.4 

20.4 

20.3 

21.3 

20.5 

23.0 

23.0 1 

Storm: NV4510 

Overtopping 
Reach 

CB 

CB 

C B 

PD 

PD 

PD 

PD 

PD 

01 

0 1 

0 1 

01 

01 

01 

PA 

PA 

PA 

PA 

PP 

PP 

PP 

Profile 

1 

1 

1 

1 

2 

2 

2 

2 

2 

2 

3 

3 

3 

3 

3 

5 

5 

5 

6 

7 

I 8  1 
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Total Overtopping Volumes 

Overtopping Volumes (acre-ft) 

5 

29 

15 

0 

22 

0 

Tidal Flood Zone 

1 

2 A 

4 A  

4C 

5B 

PP 

Flood Zone Length (ft) 

2355 

3890 

2035 

1360 

4570 

3040 





Table B11  
Storm: FB585 

Appendix B Overtopping Calculations 

Total Overtopping Volumes 

Overtopping 
Rate 
(cfslftl 

0.00 

0.00 

0.02 

0.00 

0.00 

0.00 

0.04 

0.20 

Overtopping 
Volume 
(acre-ftl 

0 

0 

0 

0 

0 

0 

3 

4 

Overtopping Volumes (acre-ftl 

0 

7 

6 

0 

2 

0 

Tidal Flood Zone 

1 

2 A  

4A 

4C 

58 

PP 

Overtopping 
Reach 

CB 

CB 

C B 

PD 

PD 

PD 

PD 

PD 

PA 

PA 

PA 

PA 

PP 

PP 

Flood Zone Length (ft) 

2355 

3890 

2035 

1360 

4570 

3040 

Wall Height 
(ftl 

23.8 

20.7 

19.8 

20.9 

20.9 

22.9 

21.3 

22.5 

Profile 

1 

1 

1 

1 

2 

2 

2 

2 

Wall Length 
(ftl 

525 

1430 

400 

865 

610 

570 

7515 

330 

3 

5 

5 

5 

6 

7 

PP 1 23.0 1 1270 I O 1 0.00 

20.4 

20.4 

20.3 

21.3 

20.5 

23 .O 

I 

1090 

1480 

900 

230 

870 

900 

0 

2 

0 

0 

0 

0 

0.01 

0.07 

0.00 

0.00 

0.00 

0.00 



Appendix B Overtopping Calculations 



Appendix B Overtopping Calculations 

Total Overtopping Volumes 

Overtopping Volumes (acre-ft) 

17 

55 

26 

0 

3 5 

0 

Tidal Flood Zone 

1 

2A 

4A 

4C 

5B 

PP 

Flood Zone Length (ftl 

2355 

3890 

2035 

1360 

4570 

3040 



Appendix €3 Overtopping Calculations 



Appendix B Overtopping Calculations 





Appendix B Overtopping Calculations 

Table B17 
Storm: MR582 

Overtopping 
Rate 
(cfslft) 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.20 

Overtopping 
Volume 
(acre-ft) 

0 

0 

0 

0 

0 

0 

0 

17 

Overtopping 
Reach 

CB 

CB 

CB 

PD 

PD . 

PD 

PD 

PD 

PA 

PA 

PA 

PA 

PP 

PP 

Wall Height 
(ft) 

23.8 

20.7 

19.8 

20.9 

20.9 

22.9 

21.3 

22.5 

Profile 

1 

1 

1 

1 

2 

2 

2 

2 

Wall Length 
lft) 

525 

1430 

400 

865 

610 

570 

1515 

330 

PP 1 23.0 1 1270 I O 1 0.00 

3 

5 

5 

5 

6 

7 

20.4 

20.4 

20.3 

21.3 

20.5 

23 .O 

1090 

1480 

900 

230 

870 

900 

0 

0 

0 

0 

0 

0 

0.00 

0.00 

0.00 

0.00 

0.00 

0 .OO 
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Table B 2 1  
Storm: JN6110 

Overtopping 
Rate 
(cfslft) 

0.00 

0.00 

0.07 

0.03 

0.00 

0.00 

0.07 

0.20 

Wall Length 
Ift) 

525 

1430 

400 

865 

610 

570 

151 5 

330 

Wall Height 
(ft) 

23.8 

20.7 

19.8 

20.9 

20.9 

22.9 

21.3 

22.5 

Overtopping 
Reach 

CB 

CB 

CB 

PD 

PD 

PD 

PD 

PD 

PA 

PA 

PA 

PA 

PP 

PP 

Overtopping 
Volume 
(acre-ft) 

0 

0 

2 

2 

0 

0 

10 

10 

Profile 

1 

1 

1 

1 

2 

2 

2 

2 

PP 8 23 .O 1270 

3 

5 

5 

5 

6 

7 ---- 

20.4 

20.4 

20.3 

21.3 

20.5 

23.0 

1090 

1480 

900 

230 

870 

900 

1 

1 1  

3 

0 

0 

0 

0.01 

0.07 

0.07 

0.00 

0.00 

0.00 
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Table B23 
Storm: JN612 

Appendix B Overtopping Calculations 

Total Overtopping Volumes 

Overtopping 
Rate 
(cfslftl 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.20 

Overtopping 
Volume 
(acre-ft) 

0 

0 

0 

0 

0 

0 

0 

4 

Overtopping Volumes (acre-ft) 

0 

4 

3 

0 

0 

0 

Tidal Flood Zone 

1 

2 A 

4A 

4C 

5 B 

PP 

Wall Length 
(ft 1 

525 

1430 

400 

865 

610 

570 

151 5 

330 

PA 

PA 

PA 

PA 

PP 

PP 

Flood Zone Length (ft) 

2355 

3890 

2035 

1360 

4570 

3040 

Wall Height 
(ftl 

23.8 

20.7 

19.8 

20.9 

20.9 

22.9 

21.3 

22.5 

Overtopping 
Reach 

CB 

C B 

C B 

PD 

PD 

PD 

PD 

PD 

Profile 

1 

1 

1 

1 

2 

2 

2 

2 

PP 1 23.0 1 1270 I O 1 0.00 

3 

5 

5 

5 

6 

7 

20.4 

20.4 

20.3 

21.3 

20.5 

23.0 

1090 

1480 

900 

230 

870 

900 

0 

0 

0 

0 

0 

0 

0 .OO 

0.00 

0.00 

0.00 

0.00 

0.00 
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Total Overtopping Volumes 

Tidal Flood Zone 

1 

2A 

4A 

4C 

58 

PP 

Flood Zone Length (ft) 

2355 

3890 

2035 

1360 

4570 

3040 

Overtopping Volumes (acre-ft) 

15 

6 5 

27 

0 

3 4 

0 
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Table B27 
Storm: AP6110 

I I I I I 

Overtopping I I I Overtopping Overtopping 
Wall Height Wall Length Volume I Rate . .  - 

Reach Profile I (ft l  I (ftl I (acre-ft) I (cfslft) 
I I I I I 

Appendix B Overtopping Calculations 

Total Overtopping Volumes 

Tidal Flood Zone 

1 

2 A 

4A 

4C 

58 

PP 

Flood Zone Length (ftl 

2355 

3890 

2035 

1360 

4570 

3040 

Overtopping Volumes (acre-ft) 

3 

2 1 

12 

0 

22 

0 
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Table B29 
Storm: DC6220 

Appendix B Overtopping Calculations 
B3 1 

Total Overtopping Volumes 

Overtopping 
Rate 
(cfslft) 

0.00 

0.04 

0.1 2 

0.07 

0.05 

0.00 

0.10 

0.20 

Overtopping 
Volume 
(acre-ft) 

0 

2 

4 

4 

1 

0 

16 

28 

Overtopping Volumes (acre-ft) 

6 

49 

24 

0 

2 2 

0 

Tidal Flood Zone 

1 

2 A 

4A 

4C 

5 B 

PP 

Overtopping 
Reach 

CB 

CB 

C B 

PD 

PD 

PD 

PD 

PD 
I 

PA 

PA 

PA 

PA 

PP 

PP 

PP 

Flood Zone Length (f t)  

2355 

3890 

2035 

1360 

4570 

3040 

Wall Height 
( f t )  

23.8 

20.7 

19.8 

20.9 

20.9 

22.9 

21.3 

22.5 

Profile 

1 

1 

1 

1 

2 

2 

2 

2 

Wall Length 
I f t )  

525 

1430 

400 

865 

610 

570 

151 5 

330 

3 

5 

5 

5 

6 

7 

8 

20.4 

20.4 

20.3 

21.3 

20.5 

23.0 

23.0 

1090 

1480 

900 

230 

870 

900 

1270 

1 

14 

6 

0 

0 

0 

0 

0.01 

0.08 

0.08 

0.01 

0.00 

0.00 

0.00 
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I Overtopping Overtopping 
' Wall Length Volume Rate 

(ft) (acre-ft) (cfslft) 

I Table B 3 1  
Storm: DC625 

Appendix B Overtopping Calculations 

Wall Height 
(ft) 

23.8 

Overtopping 
Reach 

CB 

Total Overtopping Volumes 

Profile 

1 

Tidal Flood Zone 

1 

2A 

4A 

4C 

5 B 

PP 

Flood Zone Length (ft) 

2355 

3890  

2035 

1360 

4570  

3040  

Overtopping Volumes (acre-ft) 

0 

2 1 

1 0  

0 

1 

0 
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Table B33 
Storm: FB645 

Appendix B Overtopping Calculations 

Total Overtopping Volumes 

Overtopping 
Rate 
(cfslft) 

0.00 

0 .OO 

0.02 

0.00 

0.00 

0.00 

0.04 

0.20 

Overtopping 
Volume 
(acre-ft) 

0 

0 

0 

0 

0 

0 

2 

1 1  

Overtopping Volumes (acre-ft) 

0 

13 

7 

0 

1 

0 

Tidal Flood Zone 

1 

2A 

4A 

4C 

58 

PP 

Wall Length 
(ft) 

525 

1430 

400 

865 

610 

570 

1515 

3 30 

PA 

PA 

PA 

PA 

PP 

PP 

Flood Zone Length lft) 

2355 

3890 

2035 

1360 

4570 

3040 

Well Height 
(ftl 

23.8 

20.7 

19.8 

20.9 

20.9 

22.9 

21.3 

22.5 

Overtopping 
Reach 

C B 

CB 

CB 

PD 

PD 

PO 

PD 

PD 

Profile 

1 

1 

1 

1 

2 

2 

2 

2 

PP 1 23.0 1 1270 I O 1 0.00 

3 

5 

5 

5 

6 

7 

20.4 

20.4 

20.3 

21.3 

20.5 

23.0 

1090 

1480 

900 

230 

870 

900 

0 

1 

0 

0 

0 

0 

0.01 

0.07 

0.00 

0.00 

0.00 

0.00 



Table B 3 4  
Storm: FB64: 

Overtopping 
Reach Profile 

Overtopping Overtopping 
Wall Height Wall Length Volume Rate 

(ft) (ft) (acre-ftl (cfslftl 
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- 
Table B35 
Storm: FB6920 

Overtopping 
Rate 
(cfs/ft) 

0.00 

0.04 

0.1 2 

Overtopping 
Volume 
(acre-ft) 

0 

2 

3 

Overtopping 
Reach 

CB - 
CB 

CB 

PA 

PP 

PP 

PP 
L 

Wall Height 
(ft) 

23.8 

20.7 

19.8 

Profile 

1 

1 

1 

Wall Length 
(ft) 

525 

1430 

400 

5 

6 

7 

8 

21.3 

20.5 

23.0 

23.0 

230 

870 

900 

1270 

0 

0 

0 

0 

0.01 

0.00 

0.00 

0.00 
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Total Overtopping Volumes 

Tidal Flood Zone 

1 

2A 

4A 

4C 

5 B 

PP 

Flood Zone Length (ft) 

2355 

3890  

2035 

1360  

4570  

3 0 4 0  

Overtopping Volumes (acre-ftl 

0 

1 9  

1 0  

0 

3 

0 
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Total Overtopping Volumes 

Overtopping Volumes (acre-ft) I 
6 

3 6 

17 

0 

24 

0 

Tidal Flood Zone 

1 

2 A 

4A 

4C 

5 B 

PP 

Flood Zone Length Ift) 

2355 

3890 

2035 

1360 

4570 

3040 
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Table B41 
Storm: NV7250 

Appendix B Overtopping Calculations 

Total Overtopping Volumes 

Overtopping 
Rate 
(cfslft) 

0.00 

0.09 

Tidal Flood Zone 

1 

2 A  

4 A  

4C 

58 

PP - 

Overtopping 
Volume 
(acre-ft) 

0 

9 

Overtopping 
Reach 

CB 

C B 

PA 

PA 

PA 

PA 

PP 

PP 

Flood Zone Length Ift) 

2355 

3890 

2035 

1360 

4570 

3040 

Wall Height 
(ft) 

23.8 

20.7 

Profile 

1 

1 

Overtopping Volumes (acre-ft) 

17 

80 

3 9 

0 

3 6 

0 

Wall Length 
(ftl 

525 

1430 

PP ] 23.0 1 1270 I O 1 0.00 

3 

5 

5 

5 

6 

7 

20.4 

20.4 

20.3 

21.3 

20.5 

23.0 

1090 

1480 

900 

230 

870 

900 
-- - -- - 

2 

22 

11 

0 

0 

- 

0 

0.01 

0.09 

0.10 

0.01 

0.00 

0.00 
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Table B43 

Overtopping 
Rate 
(cfslft) 

0.00 

0.00 

0.07 

0.03 

0.00 

0.00 

0.07 

0.20 

0.20 

0.08 

0.00 

0.00 

0.00 

0.01 

0.01 

0.07 

0.07 

0.00 

0.00 

0.00 

0.00 
J 

Wall Length 
(ftl 

525 

1430 

400 

865 

610 

570 

151 5 

330 

115 

935 

420 

565 

1360 

870 

1090 

1480 

900 

230 

870 

900 

1270 I 

Wall Height 
(ftl 

23.8 

20.7 

19.8 

20.9 

20.9 

22.9 

21.3 

22.5 

22.5 

21.4 

21.4 

24.9 

20.6 

20.4 

20.4 

20.4 

20.3 

21.3 

20.5 

23.0 

23.0 1 

Storm: NV7210 

Overtopping 
Reach 

CB 

CB 

CB 

PD 

PD 

PD 

PD 

PD 

01 

01 

01 

01 

01 

01 

PA 

PA 

PA 

PA 

PP 

PP 

PP 

Overtopping 
Volume 
(acre-ftl 

0 

0 

1 

1 

0 

0 

7 

44 

15 

7 

0 

0 

0 

1 

1 

8 

1 

0 

0 

0 

O 1 

Profile 

1 

1 

1 

1 

2 

2 

2 

2 

2 

2 

3 

3 

3 

3 

3 

5 

5 

5 

6 

7 

l 8  1 
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Table B45 
Storm: NV722 

Appendix B Overtopping Calculations 

Total Overtopping Volumes 

Overtopping 
Rate 
Icfslftl 

0.00 

0.00 

0.00 

Tidal Flood Zone 

1 

2A 

4A 

4C 

5B 

PP 

Wall Length 
(ftl 

525 

1430 

400 

Wall Height 
(ftl 

23.8 

20.7 

19.8 

Overtopping 
Reach 

CB 

CB 

CB 

PA 

PP 

PP 

PP 

Flood Zone Length (ft) 

2355 

3890 

2035 

1360 

4570 

3040 

Overtopping 
Volume 
(acre-ft) 

0 

0 

0 

Profile 

1 

1 

1 

Overtopping Volumes (acre-ft) 

0 

34 

13 

0 

0 

0 

5 

6 

7 

8 

21.3 

20.5 

23.0 

23.0 

230 

870 

900 

1270 

0 

0 

0 

0 

0.00 

0.00 

0.00 

0.00 
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Table B47 
Storm: FB7850 

Appendix B Overtopping Calculations 

Total Overtopping Volumes 

Overtopping 
Rate 
(cfslft) 

0.00 

0.09 

0.18 

0.1 1 

0.10 

0.00 

0.14 

0.20 

Overtopping 
Volume 
(acre-ft) 

0 

5 

5 

6 

3 

0 

19 

22 

Overtopping Volumes (acre-ft) 

10 

50 

24 

0 

27 

1 

Tidal Flood Zone 

1 

2A 

4A 

4C 

58 

PP 

Wall Length 
lft) 

525 

1430 

400 

865 

610 

570 

151 5 

330 

PA 

PA 

PA 

PP 

PP 

PP 

Flood Zone Length Ift) 

2355 

3890 

2035 

1360 

4570 

3040 

Wall Height 
(ft) 

23.8 

20.7 

19.8 

20.9 

20.9 . 

22.9 

21.3 

22.5 

Overtopping 
Reach 

C B 

CB 

C B 

PD 

PD 

PD 

PD 

PD 
I 

Profile 

1 

1 

1 

1 

2 

2 

2 

2 

5 

5 

5 

6 

7 

I 
8 

0.09 

0.10 

0.00 

0.05 

0.00 

0.00 

20.4 

20.3 

21.3 

20.5 

23.0 

23.0 

1480 

900 

230 

870 

900 

1270 

17 

8 

0 

1 

0 

0 



Table B48 
Storm: FB7820 

Overtopping Wall Height 
Reach Profile 1 I Overtopping Overtopping 

Wall Length Volume I Rate 11 
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Table B49  
Storm: FB7810 

Appendix B Overtopping Calculations 

Total Overtopping Volumes 

Overtopping 
Rate 
(cfslft) 

0.00 

0.00 

Tidal Flood Zone 

1 

2A  

4 A  

4C 

5 B 

PP 

Overtopping 
Volume 
(acre-ft) 

0 

0 

Wall Length 
(ft) 

525 

1430 

PA 

PA 

PA 

PA 

PP 

PP 

PP 

Flood Zone Length (ft) 

2355 

3890 

2035 

1360 

4570 

3040 

Wall Height 
Ift) 

23.8 

20.7 

Overtopping 
Reach 

C B 

CB 

Overtopping Volumes (acre-ft) 

1 

40 

17 

0 

9 

0 

Profile 

1 

1 

3 

5 

5 

5 

6 

7 

8 

20.4 

20.4 

20.3 

21.3 

20.5 

23 .O 

23.0 

1090 

1480 

900 

230 

870 

900 

1270 

1 

6 

1 

0 

0 

0 

0 

0.01 

0.07 

0.07 

0.00 

0.00 

0.00 

0.00 
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Table B51 
Storm: FB782 

Appendix B Overtopping Calculations 

Total Overtopping Volumes 

Overtopping 
Rate 
(cfslft) 

0.00 

0.00 

0 .OO 

0.00 

0.00 

0.00 

0.00 

0.20 

Tidal Flood Zone 

1 

2A 

4A 

4C 

5B 

PP 

Overtopping 
Reach 

CB 

CB 

CB 

PD 

PD 

PD 

PD 

PD 

Wall Height 
(ftl 

23.8 

20.7 

19.8 

20.9 

20.9 

22.9 

21.3 

22.5 

Profile 

1 

1 

1 

1 

2 

2 

2 

2 

PA 

PA 

PA 

PA 

PP 

PP 

Flood Zone Length (ftl 

2355 

3890 

2035 

1360 

4570 

3040 

Overtopping Volumes (acre-ft) 

0 

19 

10 

0 

0 

0 

Wall Length 
(ftl 

525 

1430 

400 

865 

610 

570 

151 5 

330 

PP 1 23.0 1 1270 I O 1 0.00 

3 

5 

5 

5 

6 

7 

Overtopping 
Volume 
(acre-ft) 

0 

0 

0 

0 

0 

0 

0 

19 

20.4 

20.4 

20.3 

21.3 

20.5 

23.0 

1090 

1480 

900 

230 

870 

900 

0 

0 

0 

0 

0 

0 

0.00 

0.00 

0.00 

0.00 

0.00 

0 .OO 



Appendix C 
RevetmentlDune Overtopping 
Options 

Appendix C contains overtopping calculations obtained for the set of 50 
storms as applied to Profile 6 alternative design options. Information 
contained herein pertains only to Profile 6, and can be compared with 
overtopping volumes contained in Appendix B for Profile 6 to assess 
effectiveness of different design options. Results for two cases are presented 
herein: (a) Profile 6 dune design ( 2 3 4  dune crest) as optimized in the dune 
optimization section of this report, and (b) Profile 6 revetment design as 
proposed without beach fill. Tables C1 and C2 contain overtopping volumes 
for only Profile 6, and these quantities can replace the values given for Profile 
6 in Appendix B to obtain total project site overtopping volumes for different 
design options. These extremes allow the evaluation of Profile 6 with the 
revetment design without beach fill representing a "worst-case" condition for 
the revetment, and the dune results allowing for comparative study of design 
options. 
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Table C2  
Revetment Overtopping (without beach fill) 

Total Total 
Overtopping Overtopping 

Storm (acre-ft) Storm (acre-ft) 

NV45SPN 7341 AP6110 0 

NV45500 3301 DC6250 197 

NV45 100  1613 DC6220 9 9 

NV4550 1251 DC6210 53  

NV4520 379  DC625 2 0  

AP61100 0 FB7810 15  

AP6150 0 FB785 8 

AP6120 0 FB782 7 
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Appendix D 
Alternative Overtopping 
Simulations 

Overtopping quantities contained in this appendix refer to alternative 
overtopping simulations discussed previously. Combinations of storm and 
profile data sets have been implemented along with the runup and overtopping 
model to acquire further information about Revere Beach and Point of Pines 
flood mitigation capabilities. The following data sets are summarized herein: 
(a) Halloween profile and storm data, (b) Great Blizzard and 1978 profile 
information, and (c) Halloween storm data and 27 November 1991 profile 
data. 
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Storm: Halloween 
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Appendix D Alternative Overtopping Simulations 

i 

Total Overtopping Volumes 

Tidal Flood Zone 

2A 

4A 

58 

PP 

Flood Zone Length (ft) 

3890  

2035  

4570  

3040  

Overtopping Volumes 
(acre-ft) 

284  

104  

9 1 

0 
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Table D 4  "Relaxed" ROTM 
Storm: Great Blizzard 
Profile Data: 1978 

Overtopping 
Rate 
(cfslftl 

0.00 

0.00 

0.00 

Overtopping 
Volume 
(acre-ftl 

0 

0 

0 

Overtopping 
Reach 

CB 

CB 

CB 

Wall Height 
(ftl 

23.8 

20.7 

19.8 

Profile 

1 

1 

1 

PA 

PP 

Wall Length 
(ftl 

525 

1430 

400 

5 

6 

0.52 

0.69 

9 

114 

21.3 

20.7 

230 

870 
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II Note: These numbers are questionable due to failure to meet ranges established by the 
physical model study. II 

Table D6 
Worst-Case Simulation (Pre-Physical Model Study of Worst-Case) 
( 1 9 7 8  Profile and November 1945  SPNl 

Appendix D Alternative Overtopping Simulations 

Overtopping 
Rate 
Icfslft) 

1.04 

2.31 

2.97 

Wall Length 
Ift) 

525 

1430 

400 

Wall Height 
(ft) 

23.8 

20.7 

19.8 

Overtopping 
Reach 

CB 

C B 

C B 

Overtopping 
Volume 
(acre-ft) 

68 

41 5 

148 

Profile 

1 

1 

1 
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Appendix E 
Overtopping Volumes at Peak 
Storm Conditions 

This appendix contains detailed information about overtopping volumes 
predicted to occur over a single peak water condition. Specifically the tidal 
flood zones as given in Table 9 are presented for each storm and total 
overtopping volumes are listed that occur continuously over the maximum 
tidallsurge time span. Volumes are cumulative over the time period and 
include all reaches contributing to the given flood zone. 
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Table E2 
Overtopping Volumes Over Peak Storm Condition (Peak Tidal Cycle) 
Tidal Flood Zone 2A 

Peak Tidal Cycle 
Overtopping 
Volume 
(acre-ft) 

18 

3 5 

27 

15 

Storm 

AP6110 

DC6250 

DC6220 

DC6210 

Storm 

NV45SPN 

NV45500 

NV45100 

NV4550 

Peak Tidal Cycle 
Overtopping 
Volume 
(acre-ft) 

202 

130 

78 

51 

MR5820 

MR5810 

MR585 

MR582 

JN61100 

JN6150 

JN6120 

JN6110 

JN615 

JN612 

AP61100 

AP6150 

AP6120 

25 

11 

11 

4 

53 

42 

3 5 

18 

10 

2 

57 

47 

29 

FB7220 

FB7210 

NV7250 

NV7220 

NV7210 

NV725 

NV722 

FB78 100 

FB7850 

FB7820 

FB78 1 0 

FB785 

FB782 

26 

20 

49 

3 1 

16 

13 

11 

7 3 

3 8 

28 

18 

11 

4 
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Table E4 
Overtopping Volumes Over Peak Storm Condition (Peak Tidal Cycle) 
Tidal Flood Zone 4 C  

Total 
Overtopping 
(acre-ft) 

0 

0 

0 

0 

Storm 

AP6110 

DC6250 

DC6220 

DC6210 

Storm 

NV45SPN 

NV45500 

NV45100 

NV4550 

Total 
Overtopping 
(acre-ft) 

0 

0 

0 

0 

JN615 

JN612 

AP61100 

AP6150 

AP6120 

0 

0 

0 

0 

0 

FB7850 

FB7820 

FB78 10 

FB785 

FB782 

0 

0 

0 

0 

0 
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Appendix F 
Profile Response Simulations 

Appendix F contains profile response as predicted by SBEACH. 
Calibration parameters correspond to the calibration conducted, with Profile 7 
considered separately. Profiles 6-8 were used in the simulations with the set 
of 50 storms to obtain further information about dune system capabilities. 
Calibration to Profile 7 was completed successfully; however, due to an 
inability to verify SBEACH to more than one profile it is suggested that 
results herein be considered qualitative. 
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Appendix F Profile Response Simulations 



E v e n t  November 1 9 4 5  E v e n t  November 1945 
R e t u r n  P e r l o d  SPN R e t u r n P e r l o d  2 0 ~ ~  

- P r o f ~ l e  r 6  (SBEACH I n l t ~ a l )  
- - - - P r o f ~ l e  #6 (SBEACH F l n a l )  

- 

- 

- 

- 

2 5  1 2 5  

- P r O f l l e  1 7  (SBEACH I n l t l a l )  
-- Profile a 7  (SBEACH F i n a l )  20 

- - 
3 3 

i i 1 s  

u .- 
L L - - 

1 0  - 10 
C 
0 0 

4.2 u 
.5 a 

5  - 5 
0 0, - - 
LU W 

0  

0  1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  8 0 0  9 0 0  1 0 0 0  0  1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  700 BOO 9 0 0  1 0 0 0  

D l s t a n c e  O f f s h o r e  ( f t )  D l s t a n c e  O f f s h o r e  ( 1 1 )  

E v e n t  November 1 9 4 5  E v e n t  November 1 9 4 5  

R e t u r n  P e r i o d  5 0 0  YR R e t u r n P e r l o d  1 0 Y R  

2 5  

- P r o f ~ l e  r 7  (SBEACH I n i t i a l )  
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\---- 
- 0  

5 

- 
3 
.- .- - 

1 0  - 
C 0 
- 
" 
a 
Z 
0 

5  - 
- 
W 

5  
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D l s t a n c e  O f f s h o r e  ( I t )  D ~ s t a n c e  O f f s h o r e  ( f t )  

0  

P r o f l l e  a 6  (SBEACH F l n a l )  

,.. 
i 
.- - 
.2 

1 0  - 
C 
0 - 
" 
LI 

0 5 
- 

- 
LU 

- 0  

- 5 

- 
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Appendix G 
Maximum Wave Parameters at 
the Seaward Terminus of Each 
Profile 

Appendix G presents a table of maximum wave height and corresponding 
wave period at the seaward terminus of each profile (see Figure 5 in main text 
for terminus locations). Wave parameters are listed for each storm used in 
the study. 
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